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Abstract  
 
Continuous advances in the printing technologies require a steady improvement in the 
quality of the formulated printing ink.  The main component of water-based printing ink 
is its colour base, which can be pigment based or dye based. Pigment based inks consist 
of suspended particles that attach to the substrate (e.g. paper) instead of soluble 
molecules adsorbed into the paper fibers, as happens for dye based inks. This 
characteristic makes printing with pigment based inks more durable and resistant to 
weather conditions. However, pigment based inks do not have the brightness and the 
colour range of dye based inks.  Also, they present some environmental problems due to 
the presence of heavy metals and volatile organic compounds in their formulations. 
Another issue with pigments for printing applications is the low stability of the 
suspensions. Due to the hydrophobic character or high surface energy of the pigment 
particles, they tend to aggregate into bigger particles and settle. Therefore, the challenge 
for new technologies is to produce pigment-based inks with the same characteristic of 
colour and solubility as dyes but free of heavy metals and volatile organic compounds.  
 
This thesis describes a study of production of pigments that better meets the 
requirements of printing and coating technologies. The novel pigment particles, termed 
“Nanopigments”, were produced from dye-clay interactions. For their use in ink 
formulations, they are required to form stable and well dispersed suspensions in an 
aqueous medium. 
 
Nanopigment particles were prepared by the intercalation of organic dye within 
inorganic clay. A stability study of the nanopigment suspension was carried out by 
encapsulating the particles with polyelectrolytes to prevent the particles from 
 vii 
agglomeration and settling. This surface modification was done using anionic poly 
(sodium4-styrenesulfonate) (PSS) and cationic Poly (diallyldimethylammonium-
chloride) (PDADMAC) polyelectrolytes.  The stability of the nanopigment suspension 
was evaluated in terms of particle size, surface charge, UV-Vis absorbance and colour 
measurement under UV degradation. Once the stable suspension was obtained, a basic 
ink formulation was produced and a rheological study of the formulation was carried 
out. 
The results of this study can be summarized as follows:  
 
• The ranged of organic dyes used were successfully adsorbed in the interlayer space 
of the two different types of clay particles. 
• Colloidal dispersion of clay-dye nanopigments were successfully produced for ink 
formulations. 
•  Nanopigment particles with an ionic characteristic were successfully produced with 
protonation of the particle surface followed by coating with polyelectrolyte. 
• The surface modifications improve particle dispersion, suspension stability as well 
as increased the adsorption of the organic dye within the interlayer space of the 
clay particles. 
• The mechanism of Electrosteric stabilization with polyelectrolytes was examined to 
explain the reason for dispersion enhancement of nanopigments.  
• The rheological studies indicated a shear thinning behavior of the colour 
formulation, which is suitable for printing ink applications. 
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1 Chapter 1: Introduction 
 
The principal components in printing ink are the colourant and the solvent. The 
colourant can be either a dye or a pigment. The solvent can be aqueous or organic. 
Thus, printing inks can be classified as either dye-based or pigment-based. 
 
Dyes contribute with more brilliant colours, but usually offer low fastness to the 
substrate, poor ultraviolet (UV) and solvent resistance, which make them unsuitable for 
outdoor applications. Pigments on the other hand offer duller colours but better fastness, 
UV and solvent resistance. The principal feature to take in to consideration for the use 
of either dyes or pigments is brilliancy vs. fastness. 
  
An important difference between dyes and pigments is that dye molecules interact 
directly with the media, forming a proper solution, while pigments, in the form of 
particles are dispersed in the liquid phase; the dye solutions are stable and single-phase 
systems. Due to the attraction forces of colloids, the suspended pigment particles in 
colloidal form have the tendency to flocculate and sediment, making the pigment 
suspensions unstable i.e. “low shelf stability”. The challenge for the printing industry is 
to produce suspensions of pigment-based inks of stable colour with the colour brilliancy 
proper of dyes. 
 
Another matter to take into consideration about pigment-based inks is the use of volatile 
organic compounds (VOS) during the production of inks, which might be harmful. For 
this reason, an ink using water as a solvent would be more appropriate. 
Nanocomposite pigment based on inorganic/organic interaction is an alternative for 
enhancing the UV and fastness resistance of the colourants. The hybrid 
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inorganic/organic materials referred to as nanopigments are produced by the interaction 
between the organic moiety and inorganic material. 
 
 
 
1.1 Organo-clay complex overview 
 
The interaction between organic species and inorganic clay material has been studied to 
a great extent. This interaction can occur through cation exchange mechanism or by 
adsorption of organic molecules on the inorganic clay substrate. In most cases the clay 
particles are defined as the substrate and the smaller organic molecules are defined as 
adsorbed species. However, in the case of large polymers like cellulose, which are 
larger than clay particles, the clay particles are defined as the adsorbed species 
material(Yariv, S 2002). 
 
The interaction between clay and adsorbed organic material is of electrostatic character, 
i.e. the negative surface of the clay planes attract positively charged organic compounds 
(cations). The oxygen plane of the Si-O-Si group  is the principal negative or basic site 
of the clay surface (Yariv, S 2002). 
 
When the adsorption of the organic material occurs, properties of the clay particles 
change, so the colloidal properties of clay particles may change, as well. The organo-
clay particles may peptize or flocculate, depending on the kind or organic molecules 
adsorbed (Van Olphen 1977). 
 
The organo-clay materials have applications in many industrial or laboratory processes.  
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Clay minerals can be used for the removal of unwanted organic matters in water, e.g. in 
food industry. In plastic and rubber composites clay minerals are used as fillers. In the 
paper industry clay particles can improve the stability of the paper sheets by forming 
bridges between fibres. 
 
Clays are also used for improving the viscosity of organic fluids that require handling. 
In the case of glues, clay addition can increase the viscosity of the product. This 
increase of viscosity leading to a thixotropic behaviour and can improve the application 
of the material by avoiding dripping and sagging, and also reduce the penetration of the 
material into the substrate.  This change in the properties of the organic suspension is a 
major indication of the interaction of clay with polymers. 
 
 
For paints and coatings, clay is one the important components in their formulation. Clay 
minerals are added as thickeners to control the viscosity, so that the product does not 
leach when is applied, improve gloss retention and promote film integrity.  
Organophilic smectites (known as organo-clays) are commonly used as thickeners in 
paints, as well as in cosmetic industry. Other important applications of the organo-clays 
are printing inks, greases, drilling adhesives and ceramics (Murray 1999). 
 
The incorporation of organic dye into clays has also important technological 
applications for new photonic and optoelectronic devices. Clay materials can improve 
the photo-physical properties and photostability of the adsorbed dyes for applications in 
optical molecular devices (Arbeloa, F, L., Martýnez, V., Prieto, J, B., Arbeloa, I, L. 
2002).  
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Organo –clay systems are being studied for the improvement of rheological behaviour 
and outdoor resistance to match the demands of the colour industry. 
 
1.2 Pigments and dyes definitions and uses in the printing industry 
For the production of printing inks, pigments and dyes are the most important raw 
materials. They both represent the visual identity of inks and form the colourant 
component part, which is the most important component of inks. Colourants can be 
pigment based or dye based colourant. 
 
 
1.2.1 Pigments and dyes 
The colourant component of the inks can be either dye or pigment. Pigments, which can 
be organic or inorganic, are not soluble in the medium, where there are integrated. Dyes 
are organic in nature, and unlike pigments are soluble in the medium and they lose their 
crystalline structure when they are dissolved.  In general, pigments differ from dyes by 
their physical characteristics rather that their chemical structure; in many cases they 
share the same structural skeleton.  Pigments become insoluble by the lack of 
solubilization groups in their structure (Herbst &Hunger 2004).  
 
 
 
For non-impact printing applications, such as ink-jet printing, pigment-based colourants 
offer better image qualities over dye base colourants. On the other hand, dyes offer a 
greater variety of colours. However, dyes give lower image performance in terms of 
light and ozone resistance.  Also, since the dyes are soluble in the media, they may re-
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dissolve when they are in contact with water or other solvent. The water fastness of dye 
printing is of poor quality in comparison to pigments printings(Shakhnovich 2010).  
 
One important requirement for the pigments to be used in ink-jet application is the small 
particles size, which have to be in the nanometre scale. The particles must be forming a 
stable colloidal dispersion to avoid clogging of the nozzles. The colloidal dispersion can 
be achieved by using surfactant or by modifying the pigment particles surface, to 
promote repulsions of the particles and keep them in suspension. 
 
 
The challenge of the ink-jet industry is to produce pigments with good colour quality 
and good colloidal stability for outdoor applications. 
 
1.3 Stability of pigments in aqueous media 
1.3.1 Objectives of this research 
This research work has the following main objectives: 
• To produce nanopigment particles suitable for printing ink applications 
• To give a complete characterisation of the nanopigments formed 
• To obtain a well dispersed nanopigment system in aqueous media 
• To explore the formulation of the nanopigment dispersion for printing ink 
applications    
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1.4 Thesis outline 
The contents of this thesis are divided into six chapters, as follows: 
1.4.1 Chapter 1 Introduction 
In this chapter an initial overview of the application of clay-dye complexes and their use 
for colouring applications is outlined. 
1.4.2 Chapter 2 Literature Review  
This chapter presents the literature review of the clay dye interactions for the formation 
of pigment particles, their characterisation and their interaction in aqueous media for the 
use as colourants for printing ink industry. Also a summary of previous studies for clay-
dye interaction, characterisation and stability studies of the particles forming a colloidal 
suspension is presented. 
 
 
1.4.3 Chapter 3 Experimental Methodology and Materials  
 
This chapter describes the materials used and the methodology followed for the 
production of clay-dye particles, the techniques and equipment used for the 
characterisation of the particles and the suspensions of those particles in a solvent. 
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1.4.4 Chapter 4 Results and Discussion  
 
This chapter presents the first part of the experimental results from this study. This part 
is related to the structural characterisation of clay-dye particles described as 
“nanopigments” because of their application as colourants. 
 
1.4.5 Chapter 5 Results and Discussion   
The second part of the results is described in this chapter. These results correspond to 
the interaction of particles in aqueous media when forming a colloidal suspension, the 
techniques used for improving the stability of the suspension, an overview of ink 
formulation and the rheology study of the formulated inks. 
 
 
1.4.6 Chapter 6 conclusions and recommendations  
 
The final relevant conclusion based on the results obtained and the appropriate 
recommendations for further studies are presented in this chapter. 
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2 Chapter 2: Literature Review 
 
2.1 Introduction  
 
This chapter provides a review of the formation of clay-dye complexes and the 
mechanism for the adsorption of the organic dyes on clay particles and the methods for 
keeping these particles in a stable colloidal dispersion. 
 
There are several applications for organo-clay materials; one of them for instance, is for 
the printing ink industry. When an organic dye is adsorbed into inorganic clay, the 
resulting organo-clay material forms a hybrid pigment particle. For printing ink 
applications the pigment particles must produce a colloidal dispersion. This means 
particles suspended in a medium have diameters within the nanometre scale. This type 
of materials can be described as nanopigments. The nanopigments term is used because 
of the interaction of the dye molecule with the clay lattices to form particles of 
nanometre scale and their application as colourants. 
 
This chapter provides literature information for three stages of this work: nanopigments 
formation, production of stable nanopigments suspension and basic ink formulation. 
The literature includes a description of the clays and dyes used, the interaction of dyes 
adsorbed in the clay particles and other clay-dye interaction studies.  Once the particles 
are prepared they must be dispersed in aqueous media forming a stable colloidal 
suspension. A summary of the colloid theory applied for the nanopigment suspensions, 
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comparison of different methods of dispersing pigments and the stability studies of the 
suspensions are presented.  Finally a basic overview of ink formulation is given. 
 
2.2 Clay minerals 
 
The term clay mineral is referred as layered crystalline silicate minerals.  Clay minerals 
are responsible for most of the reactions in the soil, including the adsorption of organic 
matters. They also represent the most important influence in the physical properties of 
the soil. For a complete study of soil’s potential it is necessary to have a deep 
understanding of the interaction of clay with organic matters. 
 
 
Clays are composed of extremely fine crystals, plate-shaped with a high aspect radio or 
high specific surface (usually 2µm diameter and 10 nm thick). Several clays carry an 
excess of negative charge due to the substitution by lower valency cations, which makes 
them slightly acidic (Utracki. 2004). This high surface activity makes the clay minerals 
very likely to adsorb organic cationic compounds. 
 
Because of the great capacity for adsorption of the clay minerals, they are used as 
components in organic-inorganic complexes for different applications in natural and 
synthetic forms of clays. Clay minerals can be added to various industrial processes in 
several applications. They can be used as fillers to increase the mechanical properties of 
the materials and as diluents where they modify the rheological properties of the system 
(Yariv, S 2002).  
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There are various adsorption sites for organic compounds on the clay surfaces. 
Adsorbed water may also serve as a surface adsorption site. One relevant aspect of their 
study is the contribution of the water molecules for binding between clay minerals and 
organic matters.  
 
Clay minerals are found in three different states. The first state; the dry state, where the 
water molecules are adsorbed on the clay surface give the water a grease touch.  The 
second state is the plastic state, plasticity being known as the property of the material to 
be deformed under stress without breaking or retaining the produced shape after the 
stress is removed. This second state forms a colloidal system, where the clay is the 
continuous phase and the micro-drops of water are the dispersed phase of the colloid 
system. The third state is the colloidal systems of clay dispersed in water (Yariv, S 
2002).    
 
Clays are usually classified according to their crystal structure and the surface charge.  
Based on this classification they range from kaolins, of relatively uniform chemical 
composition to smectites with highly variable composition and ability to expand. 
 
 
 
2.2.1 Structure and composition of clay minerals 
 
The term, clay minerals is used for a group of hydrous layered magnesium or Alumino-
silicates also known as “phyllosilicates”.  For this group of minerals, the phyllosilicates 
are composed of tetrahedral and octahedral sheets, and each one of these sheets is 
formed by planes of atoms arranged one above the other. Oxygen planes on top of 
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silicon forms the tetrahedral sheets and hydroxyl on top of Al, Mg or Fe for octahedral 
sheets. 
2.2.1.1 The Tetrahedral plane  
The tetrahedral plane is formed by the linkage of SiO4 groups arranged in a tetrahedral 
structure. These tetrahedral silica groups share three oxygen atoms with three adjacent 
tetrahedral structures forming an indefinitely hexahedral network. Figure 2-1 shows the 
top and side view of the tetrahedral sheet. The side view of the tetrahedral arrangement 
is composed of three parallel planes: Oxygen, Silicon and Oxygen atoms.  The oxygen 
plane is located on top and at the bottom of the arrangement form the hexagonal 
network, which is also known as oxygen plane. This oxygen plane is an important 
contributor of the chemical properties of the surface of the clay minerals.  Furthermore, 
each of the oxygen is covalently bonded to two silicone atoms, thus forming the 
siloxane group (Si-O-Si). However, in some cases the Silicone oxygen can be replaced 
by aluminium (Si-O-Al), resulting in a change of the chemical properties of the clay 
minerals (Yariv, S 2002).  
 
 
Silicon atoms 
Oxygen atoms 
(A)                                                             (B)
 
 
Figure 2-1 The Tetrahedral plane (A) Top View forming the hexagonal network, (B) side view 
Oxygen , Silicon and Oxygen planes (Yariv, S 2002).  
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2.2.1.2 The octahedral plane 
 
In these planes the atoms are arranged forming hexagonal structures of either in the 
form of Bruicite (Mg(OH)3) with  Mg+2 or Fe+2 cations, or Gibbsite (Al(OH)3) if the 
cations are Al+3 (Nelson 2008) . Figure 2-2 shows the structural arrangement of the 
octahedral plane. The side view of the sheet is composed of Al or Mg planes compacted 
between two hexagonal OH planes (Van Olphen 1977; Yariv, S 2002).  
Figure 2-2 shows the structure of the expandable smectites clay minerals. The TOT 
layers are held together electrostatically by the exchangeable cations located in the 
interlayer space. 
 
 
 
Figure 2-2 octahedral sheet (figure adopted form (Yariv, S 2002)) 
 
2.2.2   Smectites 
 
Smectites sometimes are known as the montmorillonite group; they are the most 
commonly  used clays for composite materials in non-ceramic applications (Van Olphen 
1977). Smectites are phyllosilicates formed by a triple layer 2:1 sandwich structure. 
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This structure is composed by one plane of atoms forming an octahedral sheet with Al 
centred and with two tetrahedral Si sheets over and underneath bonded by oxygen 
atoms. These crystalline arrangements are also known as TOT layers. 
 
 
The Al ion in the octahedral arrangement of the TOT layer can be substituted by other 
ions of lower oxidation number like Mg, Fe, Cr, Mn or Li. When this substitution 
occurs, there is an excess of deficit of charge in the layers. This charge imbalance is 
compensated by the adsorption of cations between the layers.  These cations are 
relatively loose and are only held by the negative charge of the layers and are easily 
exchanged by others (Van Olphen 1977). 
 
 
When Smectites are suspended in water they dissociate into individual particles of TOT 
layers held together by electrostatic forces by some of the exchangeable cations between 
layers; these original cations can be exchanged by new ones in the interlayer space. 
Water and polar molecules can be exchanged with the cations holding the TOT layers 
together. This might result in an expansion of the interlayer space, which will cause an 
expansion of the clay particles as well (Van Olphen 1977; Utracki. 2004). 
 
Figure 2-3 shows the structure of the expandable smectites clay minerals. The TOT 
layers are held together electrostatically by the exchangeable cations located in the 
interlayer space. 
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Exchangeable cations
+  Water molecules  
Interlayer
Space 
Si
Mg or Al
O or OH
Basal
(d) Spacing
Tetrahedral
Tetrahedral
Octahedral
 
 
 
Figure 2-3 Structure of the smectite clay mineral( figure adopted form (Yariv, S 2002)) 
2.2.3 Cation exchange capacity (CEC) 
 
In most of the clay minerals there is an excess of negative charge on the surface of the 
layers. This excess is neutralised by the extra cations adsorbed on the layer surface. 
These extra cations can be released and exchanged with other ones when the particles 
are swollen in water. The compensation cations are called the exchangeable cations. 
The amount of cations is expressed in milliequivalents per 100 grams of dry clay. This 
ratio of exchangeable cations is called the cation exchange capacity CEC (Van Olphen 
1977). 
 15 
2.2.4 Montmorillonite (MMT) 
 
Montmorillonite (MMT) is the most common mineral of the smectites group with a 
specific surface area of 750- 800 m2/g and is also the most common phyllosilicate used 
of the production of polymers nanocomposite. MMT has been also known by several 
names such as smectites, sodium Montmorillonite, bentonite or swelling 
bentonite(Utracki. 2004).  
 
The structure of montmorillonite is shown in figure 2-3. The unit cell consists of a triple 
layer sandwich of silica tetrahedron and central octahedron sheets TOT. This structure 
has basal spacing  of 1.28 nm, which gives an interlayer space of 0.32 nm after 
subtracting the thickness of the TOT layer of 0.92 nm (Chen et al. 2002).  
 
The composition of MMT varies depending on the place the mineral is extracted, and 
for that reason it is not possible to give a unique composition of MMT clay. However, 
the data from 100 samples analysed gave the following composition (Utracki. 2004): 
The octahedral layer:  Al3.0 - 4.0 Mg0-1.4 Fe3+ 0-1.0  
The tetrahedral layer: Al0-0.8 Si7.2-8.0 
Exchangeable cation in the interlayer space: Na0.67-0.8 
 
The general formula for MMT can be described as, 
(Al3.33Mg0.67)-(0.67)Si8O20(OH)4.  This MMT structure has 0.67 negative charges per unit 
cell, 0.67 Na+ cations per unit cell and cation exchange capacity CEC of 0.92 meq/100g. 
The flat surface of the layers is negatively charged due to the oxygen planes, and the 
edges are positively charged. 
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2.2.5 Laponite  
Laponite is a synthetic smectite clay with a similar structure to that of natural Hectorite 
or MMT. Laponite is a (2:1) phyllosilicate, with an octahedral layer between two 
tetrahedral layers (TOT).   
 
 
                  
Figure 2-4 Structure of synthetic laponite clay 
 
 
 
              
Figure 2-5 Individual disc of laponite of 25 nm diameter by 0.92 nm thick  
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The Laponite structure is shown in figure 2-4. Like other smectites this structure is not 
electrostatically neutral and the excess of charge is neutralised by cations located in the 
interlayer space. The individual sheets are disk shaped with negative charge on the 
phases and a positive charge on the edges, as depicted in figure 2-5 (Cummins 
2007).The structural formula for Laponite  can be described as Si8(Mg5.5Li 0.4H4.0O2.4)-
0.7Na0.70.7. One particular important difference of this structure with the  MMT structure 
described before is the absence of Al and Fe in the TOT arrangement. Lap clay has a 
CEC of 77.3 meq/100 g and an adsorption area of 300 m2/g (Van Olphen 1977; Fraile et 
al. 2002). 
 
 
Laponite is chemically pure because it is hydrothermally synthesized at elevated 
temperatures from sodium, lithium and magnesium silicate salts in the presence of 
mineralising agents. The resulting precipitate of this synthesis is filtered, dried and 
milled to give a fine white powder.    
 
One of the important advantages of laponite clay compared with natural smectites is the 
high chemical purity. Since the synthesized particles are free from impurities and 
transition metals like Al and Fe (figure 2-4), they form a clear and transparent 
suspension in water. This characteristic makes the synthetic Laponite adequate for light 
scattering studies (Rockwood ; Kroon 1998). 
2.3 Colourants   
The part of the electromagnetic spectra that is not directly adsorbed by gases, liquids or 
solids can be reflected. This reflecting electromagnetic spectra (light) can be perceived 
by the human eyes when it is in the range of 400-700 nm. This is also known as the UV-
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visible spectra (UV- Vis). When the reflected light is perceived by the human eye there 
is photochemical reaction in the brain, which is responsible for the perception of the 
colours.  
 
 
When a matter completely reflects the incident light the light reflected appears ‘white’ 
to the human eye. When a matter completely absorbs the incident light then the matter 
is recognized as ‘black’ in colour. All the colours in between are perceived in the same 
way, when a matter reflects the light on a specific wavelength with minima and maxima 
absorption bands between the visible spectra (Zollinger 2003). 
 
The most extensive compendium of colourants, natural and synthetic is the colour 
index, which was initially published by the British society of Dyers and 
Colourists(Colourists 2009). Newer editions have been issued jointly with the American 
association of Textile Chemist and Colourists. Every colour matter contains a serial 
number and data about fastness and is listed in every brand name under which the 
colourant compound is marketed. 
 
 
2.4 Dyes and Pigments 
Colourants are characterized by their ability to absorb and reflect the incident light, 
which in simple words having a specific colour. In terms of their chemical structure, 
colourants may be either organic or inorganic. They also can be classified as either 
natural of synthetic. In addition, one important criterion of classification of colourant is 
dyes and pigments. Pigments consist of small particles that are not soluble in the media 
in which they are contained. In other words they form a suspension and to be applied on 
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a substrate an additional compound must be added to help dispersion. For instance, 
polymers in paints; Pigments are usually referred by their colour index name of formula 
number (e.g. P.Y. 12, CI No 21090 = pigment yellow 12, formula number 21090) 
(Mayer 1997).  Dyes are soluble in the media forming a “perfect solution”. Dyes are 
dissolved during their application  due to the loss of their crystal or particular structure 
(Herbst &Hunger 2004) . They are organic in nature and produced of plant or animal 
extract. The main uses of dyes through history are for colouring of textile fabrics. 
 
 Both dyes and pigments are similar in chemical composition and they are differentiated 
from each other by their physical characteristics, and in many cases the chemical 
structure of pigments and dyes is the same. Herbst (2004) also mentioned that the 
insoluble characteristic of the pigments is obtained by the absence of solubilizing 
groups such as carboxylic and sulphonic acids in the molecule.  
 
 
The comparison of the application properties between dyes and pigments shows 
fundamental differences between these two colourants families. Pigments present good 
resistance to weather conditions (lightfastness), which make them more suitable for 
outdoor applications. However, they provide dull colours. Dyes on the other hand are 
susceptible to weather conditions but present more brilliant and better variety of 
colours. 
 
In addition to the poor colour conditions of the pigments such as lack of brilliance and 
low tinctorial strength (tendency to adsorb light) use of pigments are restricted for  
printing ink applications due to their poor dispersion ability.  Organic pigments are 
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insoluble in water and thus, their dispersion in aqueous media is limited to the use of 
surfactants or surface modifiers.  
Figure 2.6 shows an example of pigment yellow 12, which is a commercial organic 
pigment also classified as Diarylde yellow and is commonly used for printing inks 
(Barrow et al. 2000). However, this structure is insoluble in water, which represents a 
limitation for water-based ink formulation.  
Figure 2.7 shows the structure of malachite green dye. This structure is organic in 
nature with aromatic rings and in the form of salt with its counter ion, which indicates 
the solubility in water. 
 
 
 
Figure 2-6 pigment yellow 12 
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Figure 2-7 malachite green oxalate dye 
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2.5 Organo clay complexes 
 
Organo clay complexes consist of the interaction of organic compounds with clay 
minerals. These Organo clay interactions are used for the development of 
nanocomposite materials. Nanocomposites can be formed in two ways. The first is the 
dispersion of nanometric particles in a polymeric, ceramic or metallic matrix. And these 
nanocomposite materials can be used for mechanical reinforcers or barrier properties 
(Utracki. 2004). The second way is by the adsorption of organic compounds in clays 
particles. These organo clay particles are known as nanoparticles. They are invisible to 
the naked eyed, but they are also used for reinforcement and depending on the nature of 
the material adsorbed on the particles they have multiple uses. 
     
Clay minerals have a strong capacity of adsorbing different organic compounds from 
aqueous systems when the exchangeable cation is replaced by organic cation. This 
property makes the nanoparticles formed suitable for environmental application. When 
an organic cation e.g.  Quaternary ammonium cation is adsorbed on the surface of the 
mineral it is changed from hydrophilic to hydrophobic. The resulting organo clay 
complexes can be used for instance in water treatment, removal or non-ionic 
compounds, land filled clay liner or petroleum tanks among others  (Borisover et al. 
2001). 
 
One important application of the organo clay complexes is as viscosity controllers for 
several industrial systems.  In the production of ceramics the viscosity of the clay 
slurries is controlled by the addition of organic compounds to decrease the water 
content.  The viscosity of  drilling mud is improved by the addition of organic 
compounds like sodium polyacrylate or lignin sulphonate (sennet 1992). Several organo 
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clay complexes of smectites (organophilic smectites) are used as “thickeners” in paints, 
oil base glues, and for the cosmetic industry (Utracki. 2004).  
 
2.5.1 Clay/dye complexes  
The organic material adsorbed by the clay mineral could be a polymer or organic dye. 
Organic dyes adsorbed by clay minerals or clay/dye complexes can have several 
industrial applications. Schoonheydt et al (Schoonheydt 2002) studied the use of dyes 
on clays for obtaining functionalised  nanofilms.  Clay-dye complexes can also be used 
for the identification of organic compounds in laboratory testing test applications 
(Bodenheimer et al. 1966). In addition in the formulation of the paints as viscosity 
controllers or opacifying of the pigments, clay-dye complexes can be used as 
colourants.  The hybrid systems formed by the adsorption of organic dyes in inorganic 
clays for colouring application are known as Nanocomposite pigments or nanopigment 
particles (Sivathasan 2007; Baez et al. 2009; Raha et al. 2009).  
 
 
The adsorption of dye on clay has been studied previously in several works (Arbeloa, F, 
L. 1995; Arbeloa, F et al. 1998; Shichi &Takagi 2000; Landau et al. 2002; Martinez 
2004; Arbeloa, F et al. 2007). New materials can be designed based on the compatibility 
of organic compound and inorganic material. The encapsulation of the organic dye by 
inorganic clay brings a new field of research and application for the new hybrid 
materials, such as:  improvement of the optical, thermal, magnetic or electrical 
properties of the organic materials and the reduction of their photodegradation. 
 
The new hybrid clay-dye materials have been used for several photofunctional uses. 
such as for chemical censors, non-linear optical glasses, optical storage devices or 
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colouring applications (Schulz-Ekloff et al. 2002; Martinez 2004; Raha et al. 2009). The 
hybrid clay-dye materials, when used for colouring application are also known as 
“nanopigments”. Previous works have studied the adsorption of cationic dyes by 
smectites clays (Martinez 2004). Raha et al and Sivathasan et al studied the 
development of nanopigment by the encapsulation of Rhodamine B within Na-MMT for 
colouring of Polypropylene plastics (Sivathasan. 2007; Raha et al. 2009).   
 
 
2.5.2 Adsorption of organic dyes by clay minerals  
The organic dye molecule is adsorbed on the clay particles by two main mechanisms:  
electrostatic interactions and Cation exchange capacity.  The electrostatic interaction 
consists on the neutralization of the negatively charged surface of the clay and the 
positive charge of the dye. The layers of the clay are negatively charged due to the lone 
plane of the O-atoms. The dye is adsorbed in the clay by the neutralization of the 
anionic charge of the clay layers with the positive charge of the cationic dyes. In some 
clay/dye complex this neutralization usually causes the stacking of clays when the dye 
is adsorbed on the external surface of the clays. However, the dye molecules mainly are 
held as monomer in the interlayer space. Another important force playing a role in the 
adsorption of dye on clay is by ion exchange. For this mechanism, the cationic dye 
replaces the cation located in the interlayer space neutralizing the negative charge of the 
oxygen planes. (section 2.2.3) 
 
Clay minerals have the property of swelling and accommodating organic compounds in 
their interlayer space. The organic compound can be a cationic dye, which can be 
exchanged with the cation in the interlayer space of the clay. However, others forces 
may influence the adsorption of organic dyes such as van der Waals forces, ion-dipole 
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interactions or hydrogen bonding (Yariv, S 2002). Smectites minerals have great 
swelling capacity with  CEC in the range of 30 to 100 meq/100g; these characteristics 
make them the optimal clay for the adsorption of cationic dyes (López Arbeloa 2007).  
 
 
New materials produced by the adsorption of cationic dyes by natural and synthetic clay 
have been studied previously in several works. Shichi et al (Shichi &Takagi 2000) 
studied the adsorption of typical cationic dyes such as Rhodamine 6G (R6G), and 
methylene Blue (MB) in MMT and laponite clays. In their studies they observed that 
R6G is adsorbed initially on the surface of MMT clay but with time, the dye molecules 
tend to migrate into the clay interlayer as monomers. For laponite clay the adsorption 
varies from internal and external monomers according to the dye loading.  MB dyes 
present absorbance peaks related to the external and interlamellar surface on laponite. 
For adsorption to MMT, the dye is adsorbed on the internal surface and then migrates 
slowly to the interlayer spaces. 
 
Raha et al (Raha et al. 2009) studied the encapsulation of RhB by MMT clay. These 
studies showed the relationship between dye adsorption and the expansion of the 
interlayer space. When the RhB is intercalated between the clay platelets, there is an 
increase of the basal spacing, which was confirmed by x-ray measurements. This work 
also shows the improvement of the thermal stability when the dye is encapsulated in 
clay. Arbeloa (Arbeloa, F et al. 2007) studied the dye aggregation of R6G encapsulated 
by supported thin films of laponite clay and their optical applications. 
 
The change in optical properties and the colloidal properties of clay-dye systems has 
also been studied. Schoonheydt et al studied the aggregation of dye molecules on 
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laponite clay by the variations on the absorption spectra (Schoonheydt 2002). Garfinkel 
et al studied the colloidal behaviour by flocculation and peptization of clay-dye particles 
in aqueous media (Garfinkel-Shweky &Yariv 1997). 
 
 
 
 
2.6 Characterisation of organo-clay complexes 
2.6.1 X-ray diffraction (XRD)    
 
X-ray diffraction (XRD) is the method used to measure the intercalation of organic dye 
into the clay platelets. The swelling behaviour of the layered silicates causes the 
expansion of the crystal lattice by the adsorption of an organic guest in the interlayer 
space. The variation of the interlayer space d can be calculated by Bragg’s law of 
diffraction. 
2.6.1.1 Bragg’s Law of diffraction 
 
When X-rays of a fixed wavelength bombard a crystal (with repeat lattice structure 
similar to the wavelength) at a certain incident angle and the wavelength of the scattered 
incident X-rays interfere constructively, reflected X-rays are produced.  
 
 If the incident X-rays have wavelengths the same as the interatomic spacing of the 
crystalline solids, the X-ray can be diffracted from minerals which have regular 
crystalline and repeating atomic structure.  When the wavelengths of the scattered X-
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rays constructively interfere, a diffracted beam of X-rays leaves the crystal at an angle 
equal to that of the incident beam. 
 
 
Figure 2-8 shows the reflection of incident X-rays when striking a crystal formed by 
parallel lattice planes. If the travelled X-ray path ABC and A’B’C’ differ in an integer 
multiple of the wavelength, the waves from all the planes interfere with each other in a 
constructive way to form a reflective wave (Henry et al. 2010).  
 
 
Figure 2-8  Bragg's law of diffraction  
 
The general relationship between the wavelength, the angle of incident and the spacing 
between crystals planes is known as the Bragg’s law.  
                                     θsin2dABC =  
                                     λnABC =  
                                                          )sin2/( θλnd =   
 
(2-1) 
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Where n is an integer 1,2,3…,etc (n =1 for this calculations), λ  is the x-ray wavelength 
and θ is the incident angle (or reflect). 
 
2.6.1.2 Characterisation using XRD 
 
Martinez et al used XRD data to confirm the adsorption of organic dye in laponite clays. 
For their results, the diffraction bands of laponite films was measured at 2θ values of 
6.70, which lead to a basal space of 13.0 A.  When R6G dye molecules are incorporated 
in the crystal lattice, the diffraction bands shift to shorter values. This confirms the 
adsorption of R6G molecules in the interlayer space; the adsorption of R6G gives a 
sharp peak at 2θ = 4.3 which corresponds to an increase of 7.5A of the interlayer space 
of the laponite (figure2.9) (Martinez 2004). 
 
Figure 2-9  XRD patterns of laponite and R6G Dye: (a) Pure Laponite (b) Laponite with R6G 
adsorbed (c) Laponite with R6G dye immerse in ethanol (d) Acetone (Martinez 2004). 
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2.6.2 Thermal analysis 
 
According to the international confederation of thermal analysis and calorimetry 
(ICTAC) Thermal analysis is defined as the group of techniques in which a property of 
a sample is monitored against time and temperature in a specific programmed 
atmosphere. This program might involve heating or cooling to a fixing rate of 
temperature change, holding the temperature constant or any sequence of these (Hill 
1991). The group of thermal analysis most commonly used are thermo gravimetrical 
analysis (TGA) and Differential thermal analysis (DTA): 
 
• Thermo gravimetrical analysis, TGA measures the mass loss or gain of a 
material as a function of the temperature and time. 
• Derivative thermal analysis DTA measures the difference between the sample 
and a reference material as a function of temperature as they are heated, cooled or 
held at constant temperature (Hill 1991; Yariv, S 2002). 
 
 
2.7 Dispersion of nanopigments  
2.7.1 Colloidal systems  
 
Colloidal system is known as a mixture of small particles of a substance distributed 
uniformly through another. The small particles forming the dispersed phase could be 
small minerals, polymers, liquids or gases suspended on a solvent known as the 
continuous phase, which can be a liquid or even a gas (aerosols). Table 2-1 shows 
different kinds of colloidal systems with common examples. 
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In colloidal systems the particles of the dispersed phase have a diameter in the range of 
1-1000 nm. If the particles are below the lower limit, the system has little difference 
from a solution. For higher particles above 1000nm the properties of the surface area in 
contact with the dispersion medium becomes less important compared to the bulk 
properties.  The colloidal size range of the particles makes them invisible to human eye 
and optical microscopes; for their observation it is necessary to use ultramicroscopes or 
electron microscopes. 
 
2.7.2 Solutions and suspensions  
 
When two substances form a true solution the particle size of the dispersed phase is of 
molecular size, with a few nanometres or picometres diameter, which is of similar 
magnitude to the molecules of the solvent. By contrast, for a colloidal suspension the 
size of the particles of the dispersed phase is much larger compared to the molecules of 
the solvent (Shawn 1980; Evertt 1988; Hunter 1993). Table 2-1 shows a few examples 
of various colloidal dispersions. 
 
   
 
Table 2-1 various types of colloidal dispersion with some examples (table imported from (Hunter 
1993)) 
Dispersed phase Continuous 
medium 
Technical 
 name 
Common  
name 
Solid Gas Aerosol Smoke, dust 
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Liquid Gas Aerosol Fog 
Solid Liquid Colloidal sol Suspension, slurry, jelly 
Liquid Liquid Emulsion Emulsion 
Gas Liquid Foam Foam 
Solid Solid Solid dispersion Some alloys and glasses 
Liquid Solid Solid emulsion  
 
2.7.3 Brownian motion   
 
In the absence of external forces in the colloidal system, the particles are in a random 
continuos motion, and this kinetic manifestation is known as Brownian motion. The 
motion of the particles or kinetic energy is given by the random collision with the 
solvent molecules. These collisions bring the particles to have a kinetic energy equal to 
the average size of the value of the surrounding molecules (Shawn 1980). 
 
The Brownian motion is responsible for the process of diffusion of solute or gas. The 
motion of the particle is depending on their size; this property can be used for particles 
size measurement which would be explained further. 
 
2.7.4 Electrical double layer 
 
Generally, most particles in nature bear a charge when they are submerged in a polar 
medium. The opposite charge ions (counter ions) are attracted to the surface and the 
same charge ions (counter ions) are repelled. This leads to the formation of an electrical 
double layer surrounding the particle.  The electrical double layer is formed by a first 
layer of counter ions surrounding the particles, and a second layer formed by the 
counter ions neutralizing the excess of counter ions distributed in a diffuse manner. 
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The simplest approach for the double layer  is based on the Gouy and Chapman  model  
assuming a flat surface of infinitive extend and uniformity charged (Verwey 1947).  
Figure 2-10 (A) represents the ions forming the electrical double layer, the negative ions 
surrounding the positive surface and the positive and negative ions in the diffuse layer. 
Figure 2-8(B) represents the electrostatic potential ψ0 at a flat surface and the potential 
ψ at a distance x from the surface in an electrolyte solution. Being (1/κ ) the thickness 
of the double layer. 
 
 
Figure 2-10 Schematic representation of the diffuse double layer for flat surfaces (adapted from 
Shawn 1980) 
 
Form the Debye Huckel approximation, when the ionic concentration in the solution 
increases, the thickness of the double layer decreases (κ increases). This is referred as 
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“compression of the double layer” The thickness of the double layer can be calculated 
from equation 2-2. 
                             )(288.3 1−= nmIκ                                                   
Where I is the ionic strength, and  κ  = the Debye Huckel parameter with (length-1). 
 
From the Poisson-Boltzman Distribution; the surface potential depends on the surface 
charge density σ0 and the ionic composition of the medium and the thickness of the 
double layer (1/κ ). 
 
00 ** ψκεσ =                                                                  
 
 
2.7.4.1 The inner part of the double layer, Stern potential 
The ions adsorbed on the surface are tightly attached to the particle, according to the 
Stern model; they are separated from the diffuse layer of ions and counter ions by the 
Stern plane. Forces acting upon the particles can distort the diffuse layer at the shear 
plane, but the ions between the surface and the stern plane are considered to remain 
attached to the particle. Figure 2-11 shows the proposed model for double layer on a 
spherical particle, when the double layer is divided in two parts separated by a plane, 
which is know as the Stern plane. 
 
 
 (2-2) 
(2-3) 
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Figure 2-11 Stern model for electrical double layer on spherical particle 
 
 
Figure 2-12 Double layer following the stern model (figure adapted from Shawn 1980) 
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Figure 2-11 shows the schematic representation of the ions forming the double layer on 
the charged surface. According to the Stern model there is a change of the potential 
from the surface (ψ0 potential) to the Stern layer (ψd) and from there this potential 
decreases to 0 in the diffuse double layer. 
                 
                     
Figure 2-13 Reversal of charge due to adsorption of polyelectrolytes(Shawn 1980) 
 
 
Adsorption of ions can occur on the surface the particles. The adsorption of counter ions 
prevails over co-ions adsorption. When polyvalent surface ions (i.e. polyelectrolytes) 
are adsorbed, a reversal of the charge can take place on the stern layer. Figure 2-12 
shows the reversal of the stern potential when polyelectrolytes are adsorbed (ψd has the 
opposites sign as ψ0). This effective charge is the way that a particle is perceived by 
another particle approaching, and this interaction between particles is responsible for 
colloidal behaviour of the systems, such as coagulation or repulsion of the particles. The 
best way to estimate that charge of the particles  is to measure the potential at some 
distance between the surface and the diffuse layer, which is at the stern plane (ψd) 
(Hunter 1993). 
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2.7.4.2 Zeta (ζ) potential  
The Stern potential (ψd) can be obtained by electrokinetic measurements. This potential 
is also known as electrokinetic or ζ potential (figure 2-12, 2-13) and depends on the 
shear plane located between the charge surface and the electrolyte solution.   The exact 
location of the shear plane is so far unknown. However, for the electrokinetic 
measurements, the shear plane is supposed to be located at a distance beyond the 
surface and the Stern plane. In general it can be estimated that the absolute magnitude of  
ζ is slightly smaller in ψd   and the error can be neglected.  Therefore,  for electrokinetic 
measurements ψd and ζ can be assumed identical (Shawn 1980).  Hunter describes the ζ 
potential as the electrostatic potential at the surface of shear, which is  the liquid layer 
surrounding the particle that first start to move with the particle  (Hunter 1993). 
 
There are different ways of measuring the zeta (ζ) potential; they are known as 
electrokinetics effects. One of them is electrophoresis, which is related to the 
displacement on ions in an electric field. For colloidal suspensions the movement of the 
particles can be followed using an appropriate microscopic technique.  Electrophoresis 
estimates the Zeta (ζ) potential by measuring the speed of the particles when the 
suspension is placed in an electrical field(Hunter 1993). 
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2.8 Basic principles of stability  
 
A colloidal system represents a state of higher surface free energy in comparison to all 
the particles forming one block or in bulk. The system has the tendency to pass to its 
lower state of energy by reducing the total surface energy. For a colloidal system this 
transition represents the elimination of the colloidal state. In other words the particles 
tend to agglomerate to reduce the total surface area of the system and to achieve a lower 
state of energy. This agglomeration occurs naturally in a system unless there is a barrier 
strong enough to prevent the particles from association thereby maintaining a stable  
colloidal state  (Evertt 1988). 
 
The conventional mechanisms to produce stable suspensions are electrostatic 
stabilization  and steric stabilization (Hunter 1993; Spinelli 1999). For electrostatic 
stabilization, the particles are given an electrical charge. When two particles with the 
same charge on the surface collide there is repulsion by the overlapping of the electrical 
double layer surrounding the particles. For the steric stabilization the surface of the 
particles is coated with a polymer chain. The polymer chains stick out form the particle. 
When two particles approach each other, the overlapping of the polymer chains 
increases the free energy of the system and causes the repulsion of the particles. 
However, this mechanism is more suitable for nonpolar organic solvents. The effect of 
the polymer chains on the system is explained with more details in the next section. 
 
An additional method of stabilization resulting from the combination of both previous 
methods is called electrosteric stabilization. Electrosteric stabilization uses charged 
polymeric chains or polyelectrolytes, which can be either anionic or cationic. This 
technique is a balanced mix of polymeric dispersion, which is useful for storage and 
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water-base dispersions (Caruso, Frank 2004). Therefore this method is the most suitable 
for the stabilization of nanopigment particles in water solvent, since the particles are of 
ionic character, which make them compatible with polyelectrolytes. 
 
 
2.9 Stability studies 
 
For the printing industry it is necessary to have inks with good shelf life. This means 
that for the uses of pigment-based inks the particles should be kept from agglomeration 
and settling. To achieve a good pigment-base ink it is necessary to develop pigments 
with good dispersion stability in water. 
 
Several approaches have been proposed for the dispersion of pigment and nanoparticles: 
the addition of surfactant of polymeric dispersant to the ink composition and the 
encapsulation of the pigment particles. This research focuses on the encapsulation or 
surface modification of the nanopigments particles. There are also several studies 
regarding to the encapsulation of pigments and colloidal particles by polymeric 
dispersants (Spinelli 1999; Bulychev, NA et al. 2004; wang  jenny 2005; Bulychev, N et 
al. 2007). 
 
Polymeric dispersants have been used to increase the stability of the organic pigments. 
The adsorption of polymers on the surface of the particles creates a barrier to prevent 
the association of the particles. This dispersion is achieved by the steric stabilization of 
the part of the polymers chains in contact with the solvent. In order to achieve 
successful steric stabilization, block copolymers with hydrophobic and hydrophilic parts 
have been used. In this case the hydrophobic part of the chain is adsorbed on the surface 
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of the particles while the hydrophilic segment is sticking out of the particle in contact 
with the aqueous solvent (Bulychev, NA et al. 2004). Bulychev et al  studied the surface 
modifications of hydrophobic organic pigments by using thermo responsive 
copolymers(Bulychev, N et al. 2007). Other method for the encapsulation of materials 
with polymers to form nanoparticles in suspension is with miniemulsions. Miniemulsion 
systems are achieved by using high shear. A successful incorporation of this method 
had been proved to many applications including the coating of carbon black for the use 
in ink jet printing (Landfester 2001). 
 
Bagwe et al studied the surface modification of silica nanoparticles with the addition of 
functional groups on their surface to achieve electrostatic dispersion and obtain minimal 
particle aggregation (Bagwe 2005). In this case when carboxylic functional groups are 
adsorbed on the nanoparticle surfaces there is an increase of the shear plane surrounding 
the particles, and by this way increasing the electrostatic repulsion. 
Electrosteric repulsion, which is a combination of both steric and electrostatic principles 
is achieved when the nanoparticles are coated with polyelectrolyte. Polyelectrolytes are 
polymer chains with electrical charges; when they coat the particles, the particles are 
kept from agglomeration by chain to chain interaction and by the  increase of the shear 
plane surrounding the particles (Schlenoff &Dubas 2001; Fritz et al. 2002) (Mulvaney 
1996). 
 
There are several studies related to encapsulation of pigments and colloidal particles 
with polyelectrolytes using layer by layer techniques.  Yuan et al studied the 
encapsulation of organic pigments by sol-gel method (Yuan, J.Zhou.Gu et al. 2005; 
Yuan, J.Zhou.Wu et al. 2005; Yuan, J.Zhou.You et al. 2005). In this method a 
hydrophobic organic pigment is coated with layers of anionic and cationic 
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polyelectrolytes and with a final encapsulation of silica or titania. The results of this 
modification shows organic pigments core coated with SiO2 and TiO2 shells 
(Sotiropoulou et al. 2004; Yuan, J.Zhou.Wu et al. 2005). 
 
Caruso et al have done several studies about the preparation of composite multilayers on 
colloidal particles. These studies were focused on the assembling of multilayers of silica 
nanoparticles and cationic and anionic polyelectrolytes on metal nanoparticles. This 
procedure shows a decrease of the aggregation of the particles and allows the 
fabrication of composite materials for various applications including coating, 
electronics, catalysts and drug delivery (Caruso, F. &Mohwald 1999; Gittins &Caruso 
2001; Subramanya 2003; Caruso, Frank 2004). 
 
 
2.10 Light scattering principles  
 
In the study of colloidal systems it is necessary to have knowledge of the characteristics 
of both particles and solvent. In addition to the information on the chemical properties 
of solvent and particles it is necessary to know the shape and size of the particles. The 
particles size in the colloidal suspension is critical for the characterisation, and the most 
widely used technique for this characterisation is light scattering. 
 
 
When radiation (light) passes through a medium, the incident radiation induces 
oscillation in the electric fields of the atoms and molecules present in the medium. The 
oscillating charges emit secondary radiation. This secondary radiation is defined as  
scattering or “light scattering”.  
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For homogeneous materials the radiation from different atom and molecules interfere 
with each other and there is a net scattering that can be measured. In perfect solutions 
the scattering will always be the same. In the case of colloidal suspensions the emitted 
scattering signal is due to the differences of the refractive index of the continuous phase 
and the colloidal particles  (Briant 2007). 
 
 
The intensity of the scattered light as a function of the angle θ between the incident and 
the scattered beam is known as the scattering pattern. When light passes through a 
colloidal suspension, the light is scattered in all directions and this scattering pattern 
depends on the particle size of the colloids and the wavelength of the incident beam 
(Hunter 1993).  
 
There is a number of light scattering techniques, but for this research the technique used 
for the characterisation of the suspension was Dynamic Light Scattering (DLS) also 
known as “photon correlation spectroscopy”. 
 
 
 
2.10.1 Dynamic Light Scattering (DLS) 
 
Particles with refractive index, n are suspended in a solvent with refractive index ns 
when a light bean is incident to the particle. If n  ≠ ns the light is scattered in all 
directions.  When a laser is focused on a small volume the detector measures the light 
 41 
        
(2-4) 
scattered at an angle θ. If two or more particles are in the illuminated volume, then 
intensity of the light detected will be determined by the interference of the light 
scattered from each particle. The intensity will be constant if the particles in the 
scattering volume are fixed, but will vary if the particles are moving. DLS measures 
these fluctuations in the intensity.  When there are many particles in the laser beam the 
random Brownian motion of the particles causes the total intensity of the detector to 
fluctuate with time.  
 
2.10.1.1 Correlation functions  
 
 
The time scale of the fluctuations is related to the Brownian motion of the particles. If 
the particles are moving slowly the fluctuations are slow, and if the particles are moving 
fast, the fluctuations are fast.  The fluctuations therefore contain information about the 
dynamics of the system. 
 
To extract information about the DLS measurements it is necessary to determine the 
autocorrelation function (ACF) of the scattered light. Equation 2-4 describes the 
autocorrelation function by DLS. 
 
( )( ) ( )( )212 1 ττ gBg +=     
 
Where B is an instrumental constant and 
  
g 2( ) τ( ) is the intensity of ACF (what is 
measured) and ( )( )τ1g is the electrical field of ACF (what is needed). For non-interacting 
spheres the electrical field ACF can be given by equation 2-5. 
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(2-5) 
       
(2-6 )        
     
(2-7) 
 
( )( ) ( )ττ Γ−= exp1g                                                                                                                                                  
where 
DK 2=Γ                    
 
Where Γ is the decay time constant,  D is the particle diffusion constant and K is the 
magnitude of the scattering vector. 
2.10.1.2 Polydispersity  
A polydispersed system is known as a suspension with different particle sizes. For 
polydispersed systems, each size will have a different diffusion constant, and therefore 
will contribute a different decay to the ACF. The ACF for the system will therefore be a 
combination of the decays due to each particles size(Bryant et al. 2002). Equation 2.7 
shows the correlation function for polydispersed suspensions  
 
( )( ) ( ) ( )∫∞ ΓΓ−Γ= 01 exp dGg ττ  
 
Where G(Γ) is the intensity scattered by the particles with a decay constant between Γ 
and Γ + dΓ. There are many methods of determining the distribution, however they all 
suffer from the ill-defined nature of the inversion (Bryant &Thomas 1995).A simple 
method built into the ALV software is used here.  
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2.10.2 Data analysis 
There are a number of methods of analysis Polydisperse DLS data. The two used here 
are: particle size distribution analysis; and a numerical or cumulant analysis(Briant 
2007). 
 
2.10.2.1 Particles size distribution. 
The particle sizes distribution graphs were generated using a cumulant fit. The fit was 
calculated using an ALV-Nonlin data analysis software. Figure 2-14 shows the 
computer size distribution graph obtained form the DLS analysis.  This type of analysis 
is useful in determining if there is more than one particle size present. However, due to 
the limited information contained in the correlation function, the quantitative data 
should be treated with caution. 
 
Figure 2-14 Particle size distribution using the ALV Nonlin software 
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2.10.2.2 Numerical analysis  
 
If the distribution analysis shows a single particle size to be present, the most reliable 
method of numerical analysis is the use of a cumulant fit. This provides both an average 
radius and a polydispersity which is valid for moderate polydispersities. The in built 
analysis routines in the ALV software were used for this purpose. 
 
 
2.11 Summary  
 
This chapter provides a brief description of the dye-clay mineral complexes and their 
use as new materials for colouring applications. The materials involved for the 
preparation of the dye-clay complexes are clay minerals and cationic organic dyes. The 
organic clays used for the preparation of these materials are chosen based on their 
ability to swell and their capacity to host an organic guess (either organic dyes or 
polymer), which in this case is an organic dye. There are many applications of dye-clay 
complexes.  Among many of the uses of the dye-clay materials, this work looks into 
their use for the production of pigments for ink formulations. The particles formed by 
the adsorption of dye on clay are defined as “nanopigments particles”. 
 
 
The mechanism for the adsorption of the organic dye on clay particles is described in 
this chapter. Nanopigment particles are prepared, and dispersed to form a stable 
suspension. This suspension must contain particles of nanoscale size, or in other words 
the particles should be forming a colloidal dispersion which is one of the requirements 
for their application as colourant for ink formulations. However, this colloidal system 
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tends to pass to a lower state of energy. This transition means that the size of the 
particles is increased by agglomeration, which in some cases can lead to sedimentation 
of the particles. To avoid the agglomeration of particles it is necessary to put a force 
strong enough to keep the particles separated. This is defined as stability of the colloidal 
system.  
 
The adsorption of organic dyes on clay minerals has been described extensively in 
previous studies. These studies in general show how the organic dye molecules are 
adsorbed on clay particles, how they arrange in the interlayer space, and the enhancing 
of the optical properties and thermal degradation resistance of the dyes encapsulated by 
clays. As mentioned before, for ink formulation, the nanopigment particles must be 
forming a colloidal suspension. All the studies of the dye-clay interaction are based on 
the behaviour of dyes in clays. However, these studies do not explore the interaction of 
the dye-clay particles among themselves when suspended in aqueous media. The 
colloidal suspension studies are applied for inorganic pigment or other kind of colloidal 
particles. Apart from the work done by the present author (Baez et al. 2009) there has 
been no publication in literature of the use of dye-clay systems on colloidal dispersion 
for ink formulation. There are several studies about the dispersion of nanoparticles and 
organic pigments with multilayers of polymers in water solvent, those studies deal with 
inert particles or commercial organic pigments. 
 
Based on this review, this work explores the formation of nanopigments particles by the 
interactions of dyes and clays, the interaction between particles and with the continuous 
medium in which they are suspended to form a colourant suspension. The materials 
used and the methodology followed for the experiments are summarised in the 
following chapter. 
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3 Chapter 3: Experimental Methodology and 
Materials 
3.1 Introduction 
This chapter describes the materials used for the preparation and characterisation of 
nano-size pigments.  These new hybrid materials are also referred to  as nanopigments 
and are produced by adsorption of organic dyes on inorganic clays. This chapter 
introduces a brief summary of the materials and the methods used for the production of 
the nanopigments particles. The characterisation techniques and the equipment used for 
the study of the nanopigment particles are also described in this chapter. 
 
 
3.2 Materials  
Nanopigment particles were prepared using organic and inorganic materials i.e. organic 
dyes, unmodified inorganic clay and deionised water. The organic dyes were chosen 
based on their ionic nature. The positive or cationic charge of the molecule would allow 
the exchange reaction of the dye molecule with the cation of the inorganic clay. The 
inorganic materials used in this study were expandable clay minerals also known as 
layered silicates (Shichi &Takagi 2000). The criterion for the use of these materials was 
their ability to swell and their capacity to accept other cations into their interlayer space. 
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3.2.1 Organic dyes  
The organic dyes used were chosen based on their ionic nature.   These kinds of dyes 
are also known as reactive dyes. They have a functional group that makes them capable 
of interacting with the substrate which in this case is inorganic clay. The ionic part of 
the dye molecule will allow an exchange reaction with the ion allocated in the interlayer 
space of the clay particles (mainly sodium or quaternary ammonium ion). For this 
purpose the ionic dyes used were cationic or positively charged. The colour index uses 
the term “basic dyes” for positive charge compounds, as given in figures 3-1 and 3-2. 
However this term is incorrect, because the positive charge is given by the carbenium or 
ammonium ions. These compounds do not have a conjugated functional group that 
could loose proton. It is better to use the term, cationic dyes (Zollinger 2003). 
 
3.2.2 Cationic dyes  
Rhodamine B, Malachite green and Methylene Blue hydrated were used to prepare the 
nanopigment particles. Figures 3-1 to 3-3 show the chemical structure of Rhodamine B, 
Methylene Blue hydrated and Malachite green. Table 3-1 shows a description of the 
principal characteristics of the organic dyes used. 
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Figure 3-3 Malachite green oxalate 
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These dyes were chosen because of their similarity in their structure of aromatic rings 
and cationic nature given by the ammonium ion, which make them suitable for 
adsorption on smectites clays.  
Table 3-1 General information about the dyes used 
Name Colour Index * CAS No ** Molecular formula M/W g/mol 
Rhodamine B 45170 81-88-9 C28H31ClN2O3 479.01 
Methylene Blue 52015  7220-79-3  C16H18ClN3S · 3H2O 373.90 
Malachite 
Green 
42000 569-64-2  C23H25ClN2 364.9 
* Colour index refers to a compendium of serial number and data about every brand 
name of dye marketed. 
** CAS No refers to the registry number of chemical compounds, polymers, biological 
mixtures and alloys. The identifier are assigned by the American Chemical Society 
((CAS) 2010). 
 
3.2.3 Inorganic clay   
The inorganic materials used were clay minerals that have the characteristic of swelling 
in water and form colloidal suspensions. Another important feature of the clay minerals 
is the potential for ion-exchange, which make them able to accommodate ionic and even 
non-ionic molecules (Shichi &Takagi 2000). Two inorganic clays were used for this 
 50 
study, unmodified Na+ montmorillonite and synthetic laponite and their properties are 
summarised in Table 3-2. 
 
Table 3-2 Properties of clay minerals used (Arbeloa, F et al. 1998; Jung et al. 2008) 
Name 
 
Interlayer  
cation 
Cation exchange 
 capacity  CEC  
d spacing* 
 (nm)    
Density    
g/cc 
Cloisite Na +   Na+ 92 meq/100 g 1.26  2.86 
Laponite RD   Na+ 77.3 meq/10 g 1.22 2.53  
 
 
* Further information of d spacing between lattice planes (d001) is given in chapter 2. 
MMT and Lap smectite clays were chosen based on their ability to swell and to 
accommodate cations (refer to chapter 2 for more information about their structure and 
properties) 
 
3.3 Sample preparation Procedures 
Nanostructure pigments are formed by intercalation of organic dyes into inorganic 
clays. The smectites type clays have the ability to swell or expand when they are 
suspended in an aqueous medium and host an organic guess (as explained in chapter 2). 
When the clay particles are expanded, the inorganic cation (Na+) holding the planes 
together comes loose and can be exchanged by an external cation. In this case the 
organic cation is the cationic organic dye dissolved in water. Based on this 
compatibility, the clay suspension is mixed with a solution of dye. The cationic dye is 
adsorbed within the interlayer space of the inorganic clay by exchange with the cation 
of the inorganic clay.  
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(3-1) 
 
The amount of organic dye that can be adsorbed by replacing the inorganic cation in the 
interlayer space of the clay is obtained based on the cation exchange capacity (CEC) of 
the clay. The amount of dye necessary to replace 1 g of Na+ clay (montmorillonite 
/laponite) can be calculated by equation 3-1 
 
Amount of Dye ( )grams  = CEC of Clay 
gram
meq
 *(% CEC)*                
Clay ( )gram  * MW of organic Dye 
mol
gram
meq
eq
eq
mole
*
10
* 3                         
 
The calculated amount of the dye used to replace the Na+ cation in 1 gram of MMT and 
Lap clay is shown in table 3-3. 
Table 3-3   Calculated amount of dye per  gram of inorganic clay  
Name of Dye Molecular 
Weight  
gram/mol 
Calculated amount  
(gram) of  Dye with  
montmorillonite clay 
Calculated Amount 
 (gram) of dye with  
Laponite clay 
Rhodamine B 478.5 0.464 0.370 
Methylene Blue 319.9 0.310 0.247 
Malachite green 364.9 0.232 0.185 
 
 
 
3.3.1 Mixing  
The Nanopigment material is prepared by a “reaction mix” of clay and dye at a standard 
temperature of 25°C. First, the clay is suspended in water; for montmorillonite clay 1g 
of clay is suspended in 30 ml of deionised water. For laponite clay, 1 g of clay is 
suspended in no less that 60 ml of deionised water to make a suspension of about 1.5 % 
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wt/wt. (Concentrations of 2.0 % wt/wt and greater in water would form highly 
thixotropic gels) (Rockwood).  The suspension is left overnight so that the clay is fully 
expanded; a solution of dye is prepared separately with the concentration of dye 
corresponding to 100% CEC of 1 gram of clay (see table 3-3) dissolved in 50 ml of 
deionised water. The dye solution is added to the clay suspension constantly stirring at 
temperature of 25°C. By this way the dye molecules are exchanged with the loose 
cations of the interlayer space of the clay particles. Figure 3-3 shows the way that the 
dyes are adsorbed by the inorganic clay. The colouring mixture is left overnight to 
ensure that all the dye is adsorbed in the clay. 
 
After 24 hours of adsorption, the final product is a two-phase system of sediment and 
supernatant. The sediment consists of the dye adsorbed in the clay, and the supernatant 
phase, which is a clear solution with Na+ cations released from the clay. The suspension 
is centrifuged for 5 minutes to 5000 rpm and then washed and centrifuged again.  
 
This dye adsorption mechanism holds good for both MMT and laponite clays. 
Additional samples prepared with less concentration of dye corresponding to 80, 60, 40 
20 and 10 % of CEC were prepared using the procedure described above. The resulting 
product is a colourful wet paste that can be formed into a colloidal suspension when 
redispersed in water. For the structural characterisation technique like microscopic 
analysis, X-ray diffraction and thermogravimetric analysis, the samples are dried to 
90°C in a vacuum oven overnight.  
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3.3.2 Preparation of the colloidal suspensions  
 
 
 
Figure 3-4 Intercalation of dye into clay 
 
 
Once the pigments particles are centrifuged and the colourful paste is washed by 
deionised water and separated from the supernatant solution, the particles agglomerate 
forming chunks. For the characterisations that require dried powder samples, the 
particles are dried and then grinded to sizes from 1 to 5 µm; this size is enough for X-
ray diffraction, TGA and Micrograph analyses. However, for colloidal characterisation 
and for the formation of the colloidal dispersion itself the particles need to be grinded to 
less than 1 µm (1000 nm). For better results of the grinding, it is necessary to perform 
colloidal wet grinding. 
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The colloidal suspensions are prepared by grinding 10 mg of wet paste in a 50 ml jar of 
a planetary ball mill RETCSH PM 100, with 3 mm stainless still balls for 6 hrs to 550 
rpm. The grinding medium used was water with polymeric surfactants.  
After grinding the suspension is centrifuged again to 440 rpm to separate the fine 
particles from the coarse ones. The fine particles are redispersed in water to form the 
Nanopigment suspension and the coarse particles are grinded again. 
  
3.3.2.1 Polyelectrolytes 
 
Polymeric surfactants are used for the grinding to improve the colloidal stability of the 
suspensions. The adsorption of polymers improve the repulsion of the particles by steric 
and electrosteric stabilization (as explained in section 2.8). The kinds of polymeric 
dispersants used were nonionic surfactants like polyethylene glycol (PEG) and ionic 
surfactant or polyelectrolytes, which are long polymers having multiples electrical 
charges. The polyelectrolytes used were, poly (sodium 4-styren sulphonate) (PSS) 
negatively charged or anionic polyelectrolyte, and poly (diallyldimethylammonium 
chloride) PDA cationic polyelectrolyte of high molecular weight (MW 400.000-
500.000), medium molecular weight (MW 200.000-350.000) and low molecular weight 
(MW < 100.000). Figure 3.5 shows the structure of the polymeric dispersant used. 
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Poly (diallyldimethylammonium chloride) PDA Poly (sodium 4-styrenesulfonate) PSS
Polyethylene glycol PEG
 
Figure 3-5  polymeric dispersants  
 
3.4 Characterisation of the samples  
 
There are many characterisation techniques that can be used to study the interaction of 
the organic dye with inorganic clay (Shichi &Takagi 2000). For this study not only is 
necessary to measure the particles structure but also the interaction of the particles with 
the media when they are forming a colloidal suspension. For this reason, the 
characterisation can be classified in two main categories: structural characterisation and 
colloidal characterisation. The structural characterisation was carried out to dried 
samples which were prepared by drying the particles and then grinding them on dried 
basis. The colloidal characterisation was done for the nanopigments particles suspended 
in an aqueous medium forming a colloidal suspension.  
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3.4.1 Structural characterisation 
3.4.1.1  Microscopy analysis  
 
The morphology of the individual particles was studied by transmission electron 
microscopy (TEM) and scanning electron microscopy (SEM). The aim of this 
characterisation was to have an overview of the shape of the particles and an indication 
of their size. The samples for TEM study were dispersed in ethanol and placed on a 
copper grid for drying and posterior scanning. Transmission electron micrographs were 
obtained using a Jeol 1010 TEM (2001). SEM specimens were collected from dried 
samples and gold coated for the scanning.  The SEM measurements were carried out 
with a FEI Nova NanoSEM (2007). Figures 3-6 and 3-7 show examples of the SEM and 
TEM micrographs. 
 
 
Figure 3-6 example of SEM micrograph 
 
 57 
 
Figure 3-7 Example of TEM micrograph 
 
 
 
3.4.1.2   X-Ray Diffraction (XRD) 
 
X-ray diffraction (XRD) is a non-destructive technique used to gain information about 
the crystallographic structure of the particles. XRD is based on the observation of an x-
ray beam as a function of its incident and scattering angle. There are two main 
scattering techniques; small angle X-ray scattering (SAXS) for angle 2θ between 0 and 
2°, and wide angle scattering (WAXS) used for angle 2θ  larger than 2°. The results 
shown in this study were obtained with WAXS technique. 
 
The main objective of using the XRD characterisation technique was to measure the 
absorption of dye in the interlayer space of the clay particles. This was done by 
calculating the interlayer d-spacing which is the distance between the layers of the 
particles. The d- spacing is calculated following Bragg’s law (equation 2.1). 
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X-ray diffraction measurements were carried out in a Bruker axs D8 advance powder 
XRD with a Cu tube. The operational conditions for the experiment were set to 35 mA 
current, 40 kV acceleration voltages and 1 mm slit to collect the data. The data was 
collected for angles 2θ from 2° to 20° (the peaks of interest fall in this category). 
 
 
3.4.1.3 Thermogravimetic analysis (TGA) 
 
The thermogravimetric analysis, TGA is the kind of testing used to determine the loss of 
mass of the material in relation with the increase of temperature. TGA is frequently 
used for determining the moisture content and the quantity of organic materials in the 
sample by their degradation point. This technique gives an insight of the moisture 
content in the interlayer space at the low temperature region (approximately from 30°C-
200°C), as well as the degradation of the organic dye  in the high temperature region ( 
200°C to 800°C). 
 
The TGA analyses were carried out in a Pyris 1 TGA analyser. For the procedure 0.5 
mg of sample was placed in the platinum basket. The sample initially is heated from a 
standard temperature of 30°C at a heating rate of 20°C/min in a Nitrogen environment. 
The heating rate continues until 800°C, within which, all the organic materials would be 
degraded. With further heating, the environment is changed to air to degrade the 
inorganic components.   
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3.4.2 Characterisation of the colloidal suspensions  
 
When the particles are suspended in a continuous medium, they form a colloidal 
suspension. The characterisation of the colloids involves not only the knowledge of the 
chemical properties of the solvent, but also knowledge of the shape of the particles, the 
charge and their size. The most common technique for this characterisation is light 
scattering for particle size distribution of the suspensions. Other important 
characteristics of the colloids are absorption and particle charge. Based on those 
principles there are a few characterisation methods that can give a good understanding 
of the behaviour of the fine particles in suspension.  
 
3.4.2.1 Dynamic light scattering (DLS) 
 
When the light passes through a suspension, the light beam is scattered in all directions 
by the particles and that light path or scattering can be measured. The relation θ between 
the incident light and the scattered beam is also known as the scattering pattern and that 
scattering is strongly depending on the particles size and the wavelength of the light. 
 
Dynamic light scattering DLS is a technique used for particle size determination. DLS 
is based on the correlation between the dynamic information of the particle in the media 
given by the Brownian motion of the particles, and the scattering of the incident beam. 
The DLS measurements were carried out in an ALV-5022F-Fast correlator and fast 
goniometer. 
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Normally the laser beam used for this characterisation is a red laser with a wavelength 
of 633 nm. The red laser absorbed the blue colour; for the samples prepared with blue 
dye, a green laser of 514 nanometres wavelength was used. 
 
Figure 3-8 shows an example of how the particle size distributions are presented, the y 
axis represents the probability and the X axis the particles size distribution in terms of 
radius of the particles. 
 
Figure 3-8 Examples of DLS measurements 
 
3.4.2.2 Zeta potential  
 
When a colloidal particle is brought in contact with a polar medium (e.g. water) the 
particle acquire a charge; ions of opposite charge are attracted to the surface (these are 
called counter ions) and ions of like charge or co-ions are repelled, this leads to the 
formation of the double layer. The layer of ions surrounding the surface is known as the 
double layer. The counter ions surrounding the particles made up for the charge of the 
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particle and the excess of counter ions over co-ions form a second layer called diffuse 
layer (Hunter 1993). The thickness of the double layer is called Zeta potential and is 
symbolised by the greek letter ζ. 
 
Zeta (ζ) potential is the measurement of the charge of the particle and is measured by 
electrophoresis technique. This technique measures the displacement of the particles 
when is subjected to an electrical field in a polar media. The zeta potential 
measurements were carried out using a Malvern zetasizer equipment and the results are 
presented in mV. 
 
 
 
3.4.2.3 Absorption spectra 
 
Ultraviolet-visible (UV-Vis) light spectroscopy technique is another way of 
characterisation of colloids. UV-Vis measures the attenuation of an incident light beam 
when passes through a substance, and this attenuation can be defined as the absorbance 
of the solution. This technique is used to measure the absorption of dye in the clay 
particles by measuring the wavelength of absorbance of the clay/dye systems and to 
compare it with the wavelength of the absorbance of the dye in solution. The UV-Vis 
spectra measurements were carried out by a UNICAM UV-Vis spectrometer. Figure 3-9 
shows an example of the absorbance curve for a substance in the visible region of the 
spectra of 400 to 800 nm. 
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Figure 3-9 example of UV-vis absorption spectra 
 
 
 
3.4.2.4 Colour measurements  
Another important characterisation of the dye encapsulated by clay is the Colour 
degradation. The colour degradation measurements were carried out with a Minolta 
Chroma meter CR-300. The samples were analyzed by following the CIE L*a*b* 
colour scale.  
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Figure 3-10 CIE L*a*b* colour scale(adopted from (adopted from (Hunterlab 2008) 
 
Figure 3-10 shows the CIE L*a*b organized in a cubic scale. The L* from top to bottom 
represent white when L*= 100 and a* and b* are not represented with numerical values, 
but as negative or positive limit; Negative a* represents green, positive a* represents 
red, negative b* represents blue and positive b* represents yellow. 
The delta values of the colour scale ∆L*, ∆a* and ∆b* are used to indicate the change of 
difference in colour with a standard sample. The total colour difference can be 
calculated by the single value of ∆E*, which can be obtained by the equation 3-2. 
 
 
222
*b*a*LE ∆+∆+∆=∆                                                                                                 
 
Where:    ∆L* = L* sample - L*standard   
     ∆a* = a* sample - a* standard 
    ∆b* = b*sample - b* standard      
 
The CIE LAB can be used to measure colour of any object. It provides a standard scale 
of colour used in an extensive variety of industries (Hunterlab 2008).     
 3-2 
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For these measurements the pigment suspension and the dye solution was spread over a 
standard substrate. The samples were exposed to UV radiation using a UV sunset test 
machine (Hanau sunset). The objective of these experiments was to measure the UV 
colour degradation of the nanopigments suspensions compared with the dye solutions. 
For these comparisons, the samples were exposed to UV radiation for a period of time 
of 0.5 to 8 hrs. 
 
3.4.2.5  Rheological measurements  
 
One of the important physical properties of the printing inks is the flow behavior. The 
flow of the inks can be characterized by the measurement of the viscosity. Viscosity is 
the measure of the resistance of a fluid to deformation rate when a stress is applied to it. 
This stress is defined as the applied force per unit of area; shear rate is represented with 
the greek letter τ and the units are Pascal. The deformation rate is also known as the 
shear rate and is symbolized by 
•
γ (Bhattacharya 2007). 
For Newtonian liquids the viscosity η is defined by equation 3-3 
 
                                           
•
=
γ
τη      (3-3) 
 
 
The rheological measurements were carried out using a Reo Logica Rheometer 
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3.5 Summary  
 
This chapter presents a summary of the materials, methodology, characterisation 
techniques and the equipments used for various measurements in this study. The 
nanopigment samples were appropriately prepared for the characterisation techniques. 
These characterisations were divided in two major set of measurements, structural 
characterisation and characterisation of the colloidal suspensions. 
 
The structural characterisation is related to the formation of the nanopigment particles, 
and the interaction of organic dyes with inorganic clays. The techniques used to 
evaluate the formation of the nanopigment particles were microscopic analysis, X-Ray 
diffraction (XRD) and thermogravimetric analysis (TGA). 
 
The characterisation of the colloidal suspension were done to obtain an understanding 
of the behaviour of the nanopigment particles in the medium when they are forming a 
colloidal suspension for they use as the colour component in for a  printing ink 
formulation. The techniques used were dynamic light scattering (DLS), zeta potential, 
spectroscopy and rheological measurements. 
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4 Chapter 4: Results and Discussion  
(Nanopigment Development) 
 
4.1 Introduction  
 
These results are presented in different sections, as development of the nanopigments, 
dispersion in aqueous media, basic ink compositions and rheology. In this section the 
preparation of the dyes adsorbed in clay is presented. The clay/dye complexes are 
defined in this study as “nanopigment particles”, and when the particles are suspended 
in aqueous media, the samples are referred as “nanopigment suspensions”.     
 
The nanopigment development results describe the structural characterisation of clay/ 
dye complexes with X-ray diffraction, thermal degradation analysis (TGA and DTA) 
and microscopic characterisation (TEM, SEM). The results concerning to the dispersion 
of the particles in aqueous media represent the behaviour of the particles in suspension. 
The characterisation of the particles suspensions were carried out by Dynamic light 
scattering (DLS) for particle size distribution, and UV-Vis absorbance.  
 
 
4.2 Nanopigment development 
 
Organic dyes are adsorbed by inorganic clay by the mechanism of the cation exchange 
capacity (refer to chapters 2 and 3 for more information about CEC) (Arbeloa, F, L. 
1995; López Arbeloa et al. 2002; Yariv, S 2002). The clay-dye complex or nanopigment 
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particles are produced by aqueous mixing of dye solution and inorganic clay suspension 
as explained in chapter 3. The reaction of adsorption of the cationic by clay particles can 
be summarised by equation 4-1.    
 
( ) [ ] ( ) ( ) ( )aqClMsclayDyeaqClDyesclayM −++−++ +−→+−                                    ( 4-1) 
       
 
Where M is the interlayer space cation associated with the clay and Cl is the counter ion 
of the organic cationic dye. The organic cation is adsorbed in the interlayer space of the 
clay and this would be explained further in this section. 
 
 
4.3 Morphological analysis of Clay / Dye complex 
 
The adsorption of organic dye in the clay particles was analysed by the increasing of the 
interlayer space or d spacing. This increasing is defined as intercalation of clays.  The 
intercalation of clays was studied using the X-ray diffraction technique described in 
chapter 3. The technique used was wide angle X-ray scattering (XRD) and the 
measurements were performed for unmodified clays and organic dyes adsorbed on 
unmodified clays. 
 
 
The adsorption of the dye within the clay particle is carried out mainly by the cation 
exchange capacity mechanism. However, other forces can contribute to this, like 
hydrophobic interactions of dye-dye molecules (Yamagishi &Soma 1981). When the 
dye is adsorbed in the interlayer space by exchange with the inorganic cation there is an 
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expansion of the interlayer spacing. This expansion promotes a shifting of the 
diffraction readings to a shorter 2θ angle. This shifting is translated by Brags equation 
into an increase of the d spacing (equation 2-1), which confirms the adsorption of dye in 
the interlayer space (Martinez 2004). 
 
 
 
4.3.1 XRD analysis of inorganic clay-dye systems 
4.3.1.1 Montmorillonite clay with adsorbed dye 
 
Depending on the CEC and water content of the material usually the scattering 
reflection (001) of smectites clays is found in the range of  9.5-14.0 Å(Dudkina et al. 
2005). In order to avoid interference caused by adsorbed water the samples used for this 
study were all dried to 80 °C for 8h in a vacuum oven. The maximum scattering for the 
sample of Na montmorillonite analysed was found with the refection angle 2θ of 6.96 ° 
which corresponds to an interlayer space of 1.26 nm (according to equation 2-1).  
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Figure 4-1 XRD of Montmorillonite clay, Rhodamine and Methylene Blue adsorbed in 
montmorillonite 
 
The X- ray diffraction (XRD) patterns are shown on Figure 4-1 for the samples of 
montmorillonite (MMT) clay with adsorbed Rhodamine dye, which corresponds to a 
loading of 100 % of the cation exchange capacity of the clay.  The comparison of the 
measurements of MMT clay and MMT/ dye complex shows a shifting of the reflection 
band from a value of 2θ = 6.96° for MMT to a shorter value of 2θ = 4.35° for RhB –
MMT complex. This shifting represents the expansion of the interlayer space by the 
mechanism of adsorption of dye molecules. The results for interlayer and basal spacing 
of pure montmorillonite and montmorillonite with dye adsorbed systems are shown in 
table 4-1. 
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Table 4-1 Interlayer distances of Dye /MMT systems obtained by XRD Technique 
System 2θ (deg) d001 (nm) dbasal (nm) 
Montmorillonite 6.96 1.26 0.31 
MB / MMT 6.93 1.27 0.32 
RhB / MMT 4.35 2.03 1.08 
 
The adsorption of cationic dye on MMT Clay initially occurs on the surface of the clay. 
and with the increasing of dye concentration the dye molecules migrate to the interlayer 
space as monomers, as it was described by Shichi & Takagi.(Shichi &Takagi 2000).  
 
Figure 4-2 Illustration of various clay-dye complexes. Shadow rectangles indicate montmorrillonite 
layers and non-colour ones organic dyes (adopted from (Yariv, S 2002)). 
 
Figure 4-2 exhibits a few examples of the orientation of the organic dye molecules in 
the basal spacing of the MMT clay: (a) MMT with no dye; (b) with 20 % CEC MB; (c) 
with 60 % CEC MB; (d) with 120% MB CEC in order to give an excess of dye. 
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The orientation of the Dye molecule in the interlayer space can be affected by the 
protonation of the molecule. Raha et al (Raha et al. 2009) reported interlayer space of 
1.73 nm with a high dye loading (100 % CEC). This difference of (2.03nm vs. 1.73 nm) 
is attributed to the use of acidic media for an extra protonation of the Rhodamine 
molecule. The acidic media gave an extra cation to the molecule resulting in more 
compactness of the interaction of the dimers in the interlayer space. The interaction of 
the dye molecule with the basal spacing in acidic medium was not within the scope of 
the present research, however further studies would give a better understanding of the 
extra proton and the basal spacing interaction. 
 
The arrangement of dye molecules (RhB) in the basal spacing was described by Arbeloa 
et al like dimers (Arbeloa, F et al. 2007).  The aggregated dimers depending on their 
geometrical arrangement can be described as: 
• perfect parallel sandwich (H dimer) 
• in line head to head (J dimer) 
• Both H and J dimers. 
 
The XRD results of MMT with MB dye adsorbed showed a very small difference of 
MB adsorbed in clay compared with untreated clay (1.27 vs. 1.26 nm). This similarity 
of d spacings indicates that all the MB molecules are placed in horizontal position and 
all the molecules are in contact with the clay surfaces, as is shown on figure 4-2(b). 
 
Yariv et al reported that for dye loading lower that 100% CEC the basal spacing 
decreased, which indicates the exclusion of water molecules from the interlayer space. 
For dye loading between 60 and 100% the d-spacing corresponds to the sum of the clay 
platelets plus two MB molecule layers in horizontal position (Yariv, S 2002).  The dye 
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molecules are arranged forming a J-aggregation or head to head dimers in the interlayer 
space (Shichi &Takagi 2000).  
 
4.3.1.2 Laponite clay with adsorbed dye  
 
Figure 4-3  XRD of Laponite clay, Rhodamine and Methylene blue adsorbed in laponite. 
 
 
According to figure 4-3, for Laponite clay the initial diffraction band is measured at an 
angle 2θ = 7.09° which corresponds to a d001 spacing of 1.22 nm. Considering the 
thickness of a single laponite disk of 0.95 nm (Martinez 2004), this  represents an 
interlayer space of 0.27 nm.   
Table 4-2 Interlayer Space distances of Dye /lap systems obtained by XRD Technique 
System 2θ (deg) d001 (nm) dbasal (nm) 
Laponite 7.09 1.22 0.27 
MB / Lap 6.64 1.33 0.38 
Rh / Lap 5.57 1.58 0.63 
MB_ Lap 
Lap 
RhB_Lap 
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Table 4.2 shows the XRD measurements for MB and RhB dyes adsorbed in laponite. 
These results show that both MB and RhB dyes were loaded to an equivalent of 100% 
CEC of the laponite clay. Similar to MMT, the adsorption of organic MB and RhB in 
Laponite shifts the diffraction band to shorter 2θ values representing an increase of the 
dbasal spacing. This means that the organic cations are adsorbed in the interlayer space of 
laponite clay as well. As explained in section 4.3.1.1 RhB occupies the higher space in 
the interlayer space compared to MB dye. The MB molecules are placed in the 
interlayer space as inline head to head (J dimers) since the basal spacing is not altered 
much. For RhB the d spacing has a higher increase, from 0.27 to 0.63 nm. This d-
spacing suggests that the molecules are adsorbed in a parallel H dimers shape (Arbeloa, 
F et al. 2007). 
 
 
Other studies about the shifting of the peak are given by Shichi et al when he explains 
the shifting of the peaks by the swelling and staking phenomena of the laponite clay 
(Shichi &Takagi 2000). Laponite in aqueous suspension is dissociated into disks. At 
low concentration of dyes (< 3%CEC) the dye is adsorbed on the clay surface by 
monomers. At high dye loadings, the dye neutralizes the negative charges of the clay 
disks and induces the staking of the platelets.  When Na+ cation is exchanged with large 
cations like organic dyes MB, the dye aggregates are formed with a change of the clay 
properties such as acidity and dispersability in aqueous media.   
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4.3.1.3 Summary of the initial characterisation with XRD  
 
When the nanopigment particles are formed, the dye molecules are adsorbed by the clay 
minerals in different ways according to the kind on dye used. The dye molecules are 
arranged in the d spacing as dimers, as head to head arrangement or J-dimers for MB 
molecules and parallels H-dimers for RhB molecules. 
For some measurements of d spacing, the MB/ Laponite systems did not present a 
shifting of the reflexion band 2θ and the d spacing was not altered. This change in d 
spacing is explained as Yariv in his reports (Yariv, S 2002); there is adsorption of the 
dye molecules in the basal spacing. Although, there is also a reduction of the basal 
spacing as explained by the exclusion of water molecules. 
 
 
 
4.4 Thermal analysis of organo-clay complexes 
 
Thermal analysis or Thermogravimetric analysis (TGA) measures the change of the 
mass of the sample with the change in temperature. Thermal analysis is used for the 
characterisation of adsorbed organic minerals on clay substrate, for monitoring the 
interaction of the organic matter with the exchangeable cation of the clay and water 
adsorbed in the interlayer space (Eren &Afsin 2008).  
 
The thermal behaviour of inorganic clays shows two to three main degradations stages 
or peaks. The first degradation peak is observed in the range of ambient temperature to 
250° -300°. The mass loss at this stage corresponds to the absorbed interlayer water, and 
depends on the type of clay, its structure and the exchangeable cations, which control 
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the adsorbed water molecules. A second degradation peak appears in the range of 500 – 
800 °C. The degradation at this stage corresponds to the dehydroxylation of clay 
minerals. For 1:2 smectites the degradation at this stage appears at 600°C and it is 
related to loss of OH groups (dehydroxylation effect).  This dehydroxylation point may 
be affected by the adsorption of organic compounds on the clay mineral. Even though 
the organic compound degrades in the range of 200-500 °C, this can give important 
information about the interaction of organic-inorganic matter in the system. The third or 
final mass loss normally occurs above 900 °C. This peak is related to the final 
degradation of the clay structure (Yariv, S 2002).  
 
 
4.4.1 Thermal analysis of MMT dye complexes  
4.4.1.1 Thermogravimetic analysis TGA 
The TG analyses for MMT clay and MB adsorbed in MMT clay are shown in Figure 4-
4. For MMT clay, a mass loss of 6% occurs up to 250°C. This initial loss corresponds to 
the degradation of interlayer water. The second degradation takes place form             
550-700°C with a weight loss of 4 %. This degradation is related to the dehydroxylation 
of the clay. The data were taken until 700°C, from this point on there is a major 
degradation of the inorganic structure of the clay. For the degradation of MB dye there 
is not a considerable weight losses at the low temperature region until 250 °C due to the 
hydrophilic characteristic of the dye. The second stage of degradation takes place from 
250 °C when there is a complete degradation of the dye.  
 
For the MB-MMT complex, at the low temperature range, the mass losses are of about 
8%, which is related to the loss of interlayer adsorbed water (figure 4-4). The second 
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degradation stage occurs at the temperature range of 200-500 °C, where usually all the 
organic matter degrades. The mass loss at this temperature is of 5%, which corresponds 
to the dye adsorbed on the clay surface. In the third stage (500-800 °C), the mass loss is 
of 9 %. This is associated with the dye in the interlayer space interacting with the 
oxygen plane of the clay layers (Landau et al. 2002). Table 4-3 shows the mass losses 
from the TG analysis divided in three temperature ranges 
 
 
Figure 4-4 TGA for MMT, MB and MB_MMT 
 
 
Table 4-3 Mass losses of MB_MMT complexes from TG analysis  
System mol MB/Kg lap Mass loss (%) 
50-200 °C 
Mass loss (%) 
200-500°C 
Mass Loss (%) 
500-800°C 
MMT 0 7 1 4 
MB_MMT 0.97 8 5 9 
MB dye - 13 40 23 
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4.4.1.2 Derivative thermal analysis DTA 
The DT analysis (DTA) is shown in figure 4-5. The DTA graph for MMT shows a sharp 
endothermic peak at 200 °C due to loss of adsorbed water. The second peak appears at 
the temperature of about 600 °C and corresponds to the dehydroxylation of the clay 
(Yariv, Shmuel et al. 1989; Landau et al. 2002).  For MB-MMT complex there is a 
positive shifting of the second degradation peak from 320 °C to 600 °C, when compared 
with the DTA for MB Dye. Landau et al stated that this is related to the  pi interaction of 
the oxygen plane and of the tetrahedral substitution of the  clay and the aromatic ring of 
the dye molecules  (Landau et al. 2002) 
 
 
Figure 4-5 DTA for MMT, MB and MB_MMT 
 
 
Previous thermal studies also mentioned the thermal degradation of clay/dye complexes 
in three regions (Yariv, Shmuel et al. 1989; Kotsilkova et al. 2001; Landau et al. 2002). 
In the first region there is an exothermic dehydration of the clay up to 250 °C. The 
decrease in mass loss compared to pure clay for this stage is associated to the 
hydrophobicity of the interlayer space a result of the replacing of water by cationic dye 
molecules (Arbeloa, F et al. 1998; Kotsilkova et al. 2001; Liu &Zhang 2007).  
MB_MMT 
MB Dye 
MMT 
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For the second stage between 250 and 580 °C, there is a major thermal reaction related 
to the evolution of water from the combination of hydrogen of the dye and the Oxygen 
of the air. For the third stage, the main exothermic reaction is the dehydroxylation of the 
clay mineral, and an additional mass loss by the oxidation of the organic dye (Landau et 
al. 2002). Appendix A.1 shows the thermal analysis for RhB_MMT complex and RhB 
dye. 
 
4.4.2 Thermal analysis of Lap dye complexes  
4.4.2.1 Thermogravimetic analysis TGA 
The TG analysis for MB dye, Lap clay and lap clay complexes are shown in figure 4-6 
and the mass loss of the sample are summarised in table 4.4. For laponite clay there is a 
mass loss in the lower temperature range (25-200°C) of 5%, due to interlayer 
dehydration.  For the second stage of degradation (200-500°C) the mass loss is 5%, and 
a further loss of 4% at higher temperatures occurs until 700°C due to the 
dehydroxylation of clay and the formation of amorphous meta laponite phase (Yariv, S. 
et al. 1989). For MB dye the mass loss for dehydration in the first stage is of 13%. The 
maximum degradation occurs of the second stage with a 39-40% of losses and with an 
additional mass loss of 23% until a total degradation takes place above 750°C. 
 
The TGA of MB_Lap complex with 100 % CEC of Dye loading shows a hydrophobic 
character in the lower temperature stage. There is a reduction of the mass loss from 5 to 
2 % in comparison with the weight losses of pure Laponite.   This mass loss is a 
consequence of MB dye adsorbed in the interlayer space replacing water molecules, 
which give to the system a hydrophobic character. For a second stage of degradation, 
which is the stage where the majority of the organic matters degrade, there is a mass 
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loss of 5%, similar to that of pure laponite. For the third stage of degradation there is a 
higher mass loss of 7%. The last degradation corresponds to the final oxidation of dye 
molecules, since in laponite when there is no pi interaction the oxidation occurs at 
temperatures of 640-700°C. (Landau et al. 2002) The shifting of degradation 
temperatures indicates an interaction of the organic dyes with the oxygen planes of the 
interlayer space of clays. 
MB_Lap
Lap
MB
 
 
Figure 4-6 TG analysis of the lap clay, MB dye and MB_Lap complex. 
 
 
Landau et al (Landau et al. 2002) reported in previous studies of clay dye complexes 
that for the dehydration stage the mass loss decreases with increasing dye adsorption. 
The adsorption of MB dye in clays increases the hydrophobic character of the complex.  
Table 4-4 shows the mass loss of the MB-lap complexes with different dye 
concentrations. The MB takes the place of water molecules in the interlayer space of 
laponite systems.  
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Table 4-4 Mass losses of MB_Lap Complexes 
System mol MB/Kg lap Mass loss % 
50-200 °C 
Mass loss % 
200-500°C 
Mass Loss % 
500-800°C 
MB Dye - 13 39 23 
MB Lap 0.6 0.46 4 5 7 
MB Lap 1.0 0.77 2 5 7 
Lap 0 5 5 4 
 
 
 
4.4.3 Derivative thermal analysis DTA 
 
 
MB dye
MB_Lap
Lap
 
Figure 4-7 DTA curve for MB dye, laponite and the MB_Lap complex 
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Figure 4-8 DTA curve for Laponite 
 
According to the derivative DTA of MB_Lap complexes, the DTA curves can be 
divided into three regions equivalent to TG  analysis (PerkinElmer 2004).The results are 
depicted in figures 4-8 and 4-9.  
 
For the first region, up to 200 °C, the major peak is related to the endothermic 
dehydration of the pure dye, which shows a higher water content among all the samples. 
For MB_Lap there is a shifting of the peak to a temperature above 150 °C indicating 
also less amount of adsorbed water. Raha et al (Raha et al. 2009) defined this behaviour 
as water molecules trapped in gallery space by dye molecules, which require more 
temperature to escape. 
 
For the second region above 200 °C dehydration at higher temperatures is due to water 
evolved from the interaction of hydrogen of the organic matter and oxygen from the 
clay (Yariv, S. et al. 1989; Landau et al. 2002). The endothermic peak for MB dye 
reaches a maximum to 315°C and for MB_Lap complex, the peak shifts to higher 
temperatures with the increase of dye saturation. This behaviour can also be seen in 
figure 4-9 where is shown the DTA for different saturation of MB dye in MB_lap 
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complexes. The dye added was related to the CEC of the clay, starting from MB pure 
dye, and then MB and Lap with dye loading of 60% CEC (0.46 mol MB/Kg Lap) and 
100 % CEC (0.77 mol MB/Kg Lap). The exothermic peak of MB_Lap complex above 
450° is related to the oxidation of carbon and nitrogen from the dye. For the third stage 
above 650 °C MB dye is degraded already and for Lap and MB_Lap complex there is 
dehydroxylation of the system.  
 
In summary it can be stated from DTA that the first stage shows the dehydration of the 
systems, whilst the second stage is related to the oxidation of carbon and organic 
nitrogen. The positive shifting of the peak in the second stage gives an indication of the 
increasing thermal stability of MB dye when is encapsulated by Lap clay. 
 
MB dye
MB_Lap 0.6
MB_Lap 1.0
 
Figure 4-9 DTA for different saturation of dye in the MB_lap complex 
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4.5 Microscopic analysis 
 
4.5.1 Introduction 
 
Microscopic analysis is an important tool for the structural characterisation of the clay-
dye particles. Transmission electron microscope (TEM) and scanning electron 
microscope (SEM) are widely used for the observation of the geometrical properties, the 
structure and the shape of the clay-dye particles. TEM and SEM techniques are most 
common techniques to describe the morphology of the clay-dye particles and provide 
complementary information to X-ray characterisation methods. 
 
This section presents the microscopic analysis of the clay-dye samples. The analyses 
were carried out with the aim of having a more clear approach about the particle 
structure of the clays and clay-dye complexes. SEM micrographs were used of dried 
particles of pure MMT and RhB_MMT. TEM micrographs were used for the 
observation of clay-dye particles in suspension since this technique can be applied to 
wet samples. 
 
 
4.5.2 SEM analysis  
 
For the SEM analysis the clay particles were oven dried to 80°C overnight without any 
modification. The powder sample was sprinkled on a carbon tape surface and the excess 
was blown with compressed air. One problem that can interfere with the sample 
measurement is the accumulation of charge in one spot. This may cause interference by 
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the deflection of secondary electrons. To avoid excess of charge the sample was coated 
with conductive material (Au) to carry away electrons. 
 
 
The montmorillonite particles are agglomerated in size larger than 1µm. On dry basis 
the particles have a tendency to agglomerate into bigger ones. Particle size distribution 
of MMT in aqueous suspensions indicated mean diameters from 0.8 to 10.5 µm 
 (Yariv, S, Lapides, I. 2003). 
 
 
 
Figure 4-10 SEM analysis of MMT 
 
Figure 4-10 shows SEM micrographs of MMT particles. MMT consists of elongated 
shape particles with sizes from 1 µm and agglomerated to sizes larger that 10 µm.  
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Micrograph studies by Han et al also showed elongated  platelet shaped particles with 
sizes larger than 1 µm (Han 2009). 
 
Figure 4-11 SEM of RhB_MMT complex 
 
Figure 4-12  SEM of RhB_MMT complex 
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For the microscopic analysis of dye-clay complex, after the dyes was intercalated in the 
clay as described in section 3, the particles were centrifuged, dried overnight at 80° C 
and dry grinded in a planetary ball mill at 400 rpm for 2 -3 hrs. Figure 4-12 shows SEM 
micrographs of RhB_MMT complexes. The RhB_MMT complex showed platelet 
shaped particles with sizes larger than 1 µm.  SEM micrographs of higher 
magnifications (figure 4-12) shows that the particles are agglomerated forming sizes 
bigger that 5 µm. 
 
One of the principal requirements of the pigment particles for application in printing ink 
is the particle size. Particle size for printing inks should be below 300 nm. According to 
the microscopic analysis the particles are in the µm scale, which fail to fulfil the 
principal condition for printing inks. So it is necessary to perform a more rigorous 
grinding in wet bases in order to get particles size distribution on the nanometre scale.  
 
The montmorillonite particles are agglomerated in particles larger than 1µm. On dry 
basis the particles have the tendency to agglomerate into bigger ones.  Because of its 
large particle size MMT clay is found to be unsuitable for the production of pigments 
for printing. Further analyses of particle size distribution are reported on the next 
section. 
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4.6 Colloidal suspension  
 
Contrary to dye-based colourant solutions, pigment-based colourant must be in a state 
of stable colloidal suspensions. Colloidal suspension basically consists of a 
discontinuous medium  diffused in a continuous one (Shawn 1980). Discontinuous 
medium is defined as small particles. In case of nanopigments suspensions it refers to 
the clay-dye particles distributed uniformly through an aqueous medium, which is the 
continuos part. 
 
The principal requirement for a pigment-based colourant is that the particles are smaller 
that 1 µm forming a colloidal system(Hunter 1993). The nanopigment particles have the 
tendency to agglomerate into larger ones due their high surface energy.   
 
Once the nanopigment particles are formed by the adsorption of dyes in clay particles, 
the excess of solution is removed by centrifugation. The sediment material is an 
agglomeration of particles existing in a muddy paste. To break down the agglomeration 
of the particles it is necessary to apply a mechanical grinding to the system. Dry 
grinding offers the advantage of an easy recovery of the material, with particles sizes of 
up to 5 µm, as shown by the SEM micrographs (figure 4-11). However to produce 
colloidal size particles it is necessary to perform grinding in a liquid medium. The liquid 
medium used for colloidal grinding can be alcohol, water or polymer (Bath 2005). 
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4.6.1 Colloidal properties of the clay suspension 
4.6.1.1 Determination of particles size of the suspensions. 
When the solid is grinded down to colloidal size particles it is normal to obtain a wide 
range of particle sizes. For some application of the colloidal suspension it is enough to 
have knowledge of the minimum, maximum and the average size of the particles. For 
other application it is necessary to know the amount of particles in each range of sizes. 
 
There is a variety of methods to measure the size of the particle. For this investigation 
the particle size and size distribution of the nanopigment particles were measured by 
microscopy (previous section) and light scattering analysis. (Refer to section 2 for more 
explanation of the methods). 
 
4.6.2 Light scattering measurements of nanopigment suspensions. 
The first light scattering analysis of MMT samples was done using a Malvern 
Mastersizer X.  
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Figure 4-13 particle size distribution analysis of MMT 
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Figure 4-13 shows the particle sizes of MMT when suspended in water. MMT particles 
are distributed in diameters form 0.8 to 20 µm, which is above the nanometre scale 
required for pigments particles. For the measurement of suspensions with colloidal size 
particles it is necessary to use a method with sensitivity in the nanometre scale. For the 
measurements of the particle size distribution of the nanopigments suspension dynamic 
light scattering technique (DLS) was used. 
 
 
4.6.3 Dynamic light scattering measurements (DLS)  
   
DLS measures the radius of particles in a range of sizes. When there are different 
particle sizes in the suspension, the suspension is known as polydispersed (Briant 2007). 
For polydispersed suspension, different sizes of particles will give a different scattering 
curve, hence the total scattering curve will be a sum of different size scattering. The 
radius of the particles is calculated using a correlation function (refer to section 2.7 light 
scattering). The interpretation of the data is done assuming that all the particles have a 
similar shape. 
 
Figure 4-14 shows a mean particle size distribution on 390 nm for RhB_MMT 
nanopigment suspension. For this suspension the centrifuged particles were grinded for 
5 hours at 500 rpm in a ball mill using water and PSS as a solvent. (As described in 
section 3) 
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Figure 4-14 Particle size distribution of RhB_MMT suspension grinded with water and PSS 
polymer 
 
4.7 Effect of clay on the absorption spectra of nanopigments  
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Figure 4-15  Absorption spectra of MB dye and MB-clay suspensions. 
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The characterisation of the nanopigment suspension by the spectrum emitted or 
absorbed of an incident visible light is performed by UV-vis spectroscopy. 
 
Some organic dyes have the characteristic of producing a shifting of the peaks in the 
visible spectra, when they are adsorbed on a substrate. In other words they change their 
colour depending on the substrate. This colour change is known as metachromasy 
(Michaelis &Granick 1945; Garfinkel-Shweky &Yariv 1997). 
 
In the absorption spectra the metachromatic effect of dyes is shown as a displacement of 
the adsorption band to shorter wavelengths (Michaelis &Granick 1945).   The 
adsorption of MB dye on clay is accompanied by a metachromasy effect. Figure 4-15 
shows the adsorption spectra of MB dye in aqueous solution compared with MB 
adsorbed in MMT and laponite clay. MB dye solutions showed a maximum peak at 665 
nm, while it was at 660 nm for MB_Lap and 602 for MB_MMT.  The absorbance bands 
for MB_Lap were not considerably different from MB solution. This small change 
means that the absorption of MB in Laponite clay causes a minor change in the original 
colour of the dye.  
 
Figure 4-15 also shows that when the MB dye is adsorbed on MMT clay there is a 
shifting of the peaks from 665 nm to 602 nm, which corresponds to the MB_MMT 
complexes. These metachromatic effect indicates considerable change in colour of MB 
dye when is encapsulated by MMT clay. However, there is not significant change of 
colour when the MB is encapsulated by Laponite clay. 
 
 
 
 92 
4.7.1 Colloidal behaviour  
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Figure 4-16 Cation exchange capacity (%CEC) and colloidal behaviour of MB dye suspension 
adsorbed on laponite.  
 
 
The colloidal behaviour of the particles can be studied from the absorption spectra. For 
MB_Lap suspensions the flocculation of the particles affects the absorbance 
measurements. Since the absorbance is related to the molecules on the surface of the 
particle, when flocculation occurs, there is a decrease in absorbance due to the decrease 
of the surface area. On the contrary an increase of absorbance indicates peptization 
when the particles repeal each other and form a stable colloidal suspension.   
 
With the increase of MB dye absorption on Laponite up to 60% of CEC (of   0.46 mol 
dye /Kg Laponite), the particles peptize and the absorbance increases. With MB 
adsorption above 60% CEC the absorbance decreases since the particles flocculate 
forming a two phase suspension with sediment particles at the bottom and clear solution 
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at top. In the case of higher loadings of MB dye, eg, 110% CEC the particles peptize 
and therefore the absorbance increases again. The particles at this stage gain a positive 
charge and repeal each other, which lead to the formation of a stable suspension 
(Garfinkel-Shweky &Yariv 1997).  
 
According to figure 4-16, the laponite particles have a maximum degree of saturation at 
60% CEC of MB adsorption, when the negative charges of the Lap are neutralised, the  
electrical double layer on the surface is compressed and the electrical repulsion do not 
stop the particles from aggregation, the particles start to flocculate. According to the 
flocculation study the optimal MB dye loading for Lap particles is 60% of CEC of clay, 
which corresponds to a concentration of 0.17 g dye/g laponite, and a corresponding 
concentration of 0.46 mol dye /Kg Laponite. 
  
4.7.1.1 Cation exchange  
 
When MB dye is adsorbed by Lap clay the system is divided in two phases. The Newly 
formed MB_Lap particles sediment when there is enough dye concentration (refer to 
previous section) leaving a supernatant aqueous solution on top, as shown in figure 4-
17. This was noticed after the suspension was left for 10 minutes after preparation. The 
adsorption of MB dye in Lap releases Na+ cation to the aqueous solution. The Na+ 
released is measured by Atomic adsorption spectroscopy. The results shown in figure 4-
18 illustrates that the MB dye moves within Laponite clay by cation exchange 
mechanism.  
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Figure 4-17 Two phase system of dye intercalated into Laponite clay 
 
 
 
                
The results in figure 4-18 also shows that the Na+ released from clay is proportional to 
the dye loading. The increase of dye concentration adsorbed on Clay (from 60% to 
100% of CEC of laponite) increases the displacement of Na+ to the aqueous solution. 
However, in the case of samples prepared with dye concentration lower to 60% of the 
CEC of the Laponite, where not all the negative charges of the particles are neutralised, 
the particles are still suspended and there is no phase separation.  For these lower 
concentrations of dye, the Na+ remaining on the particles can not be distinguished from 
the Na+ released since the particles are still in suspensions. 
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Figure 4-18 Quantity of Na released into the aqueous solution after the adsorption of Dye by Lap 
 
Garfinkel et al in similar studies of Acridine orange dye and Na saponite clay systems 
concluded that the dye was taken up  by cation exchange mechanism and the  excess of 
dye was adsorbed by hydrophobic interactions (Garfinkel-Shweky &Yariv 1997). 
 
 
In summary the concentration of dye for the nanopigment preparation was the 
equivalent to 60 % of the CEC of the Laponite particles or 0.46 mol dye /Kg Laponite. 
This concentration was chosen based on the results form the colloidal behaviour of the 
particles. With concentrations higher than 60% of CEC of Laponite, the particles start to 
flocculate while with lower concentrations the particles are hard to separate from the 
aqueous medium by centrifugation. For consistency with the experiments, all the 
samples of nanopigments are prepared with this concentration of dye loading. 
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4.8 Summary  of the results of Nanopigment development 
 
 
Nanopigments are formed by the adsorption of organic dye on mineral clays. Smectite 
type clays have the capacity to swell and host an organic cationic dye in their interlayer 
space. Once the clay particles are suspended in a medium, they have the ability to swell 
and exchange the inorganic cation present between platelets. The nanopigment particles 
were prepared by the mixing of clay suspensions with organic dye solutions. The clays 
used were MMT and synthetic laponite, which were selected because of their swelling 
capacity. These clays were combined with MB and RhB positively charged dyes. 
 
The adsorption of the dye molecules within the interlayer space is proportional to the 
basal spacing of the clay particles, which was characterised using XRD technique. This 
expansion is related to the arrangement of the adsorbed dye molecules. RhB dye 
molecules orientate as dimers in a parallel sandwich (H), which causes an increases of 
the basal spacing. However, for MB dyes adsorbed in smectites, the molecules are 
placed in a horizontal position as head to head dimers (J), which do not give a 
considerable expansion of the basal spacing.   
 
The encapsulation of dyes by clays also improves the thermal degradation resistance of 
the clay /dye complexes or nanopigment particles. The thermal analysis (TGA and 
DTA) of the materials present can be divided in three main stages: the first stage of 
temperature for dehydration, second stage for the degradation of the organic compounds 
and the last one for the total degradation of the inorganic clay. When the dye is 
intercalated by inorganic clay the decrease of the mass loss in the first stage indicates 
the hydrophobic character of the nanopigment particles. The positive shifting of the 
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peak for DTA analysis in the second stage of degradation demonstrates an increase of 
the thermal stability.  
 
The microscopic analysis showed plated shaped nanopigment particles with sizes larger 
than 1µm and agglomeration in chunks of 5µm. These sizes are above the nanometre 
scale. In order to prepare nanopigment suspensions it is necessary to perform colloidal 
grinding, which is the method used for the preparation of the samples in the next 
section. 
  
 
MMT and Laponite clays were initially studied for the preparation of the nanopigment 
particles. The most suitable clay for producing nanopigments with MB dye is synthetic 
laponite, since when MB dye is adsorbed on Laponite shifting of the absorbance peak is 
not large, which is related to the metachromatic effect or change in the colour. 
 
 The results of this characterisation presented in this chapter are used to determine the 
appropriate conditions for the preparation of the nanoparticles like dye loading using 
laponite clay. The next section will present a deeper study of the colloidal properties 
and the surface modification of the particles necessary for the production of stable 
colloidal suspensions. 
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5 Chapter 5: Results and Discussion 
(nanopigment Suspension) 
5.1 Introduction 
 
The previous chapter described the results concerning the development of the 
nanopigment particles and their structural characterization. This chapter discusses the 
colloidal properties and the surface modification of the particles with the aim of 
improving their dispersion in aqueous media. The characterisation of the particle 
suspensions was carried out by Dynamic light scattering (DLS) for particle size 
distribution, electrophoresis or zeta ζ potential for surface charge, atomic adsorption 
AA for cation exchange and UV-Vis absorbance for colour change. Also a colour 
measurement study of the nanopigments under UV was made and compared with that of 
the dye solutions degradation. Finally a brief description of a basic ink formulation and 
viscosity measurements of the ink formulation is presented. 
 
5.2 Surface modification of the pigment particles  
 
In a colloidal system there is a large number of small particles suspended and freely 
moving in a liquid. This movement is known as Brownian motion and is originated by 
the random bombardment of the molecules of the medium (Evertt 1988). These particles 
in motion would also be colliding with one another and in every collision if there is a 
strong enough attraction they remain stuck together forming  larger particles. They will 
continue moving and  sticking together with particles until the aggregates become so 
large that they settle from the suspension(Hunter 1993).   
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When the collision of the particles in the system results in the aggregation of the 
particles, the system is known as unstable, and that process is called coagulation or 
flocculation. For the system to remain as individual particles, it is necessary to put 
barrier to prevent the particles from association. When the energy barrier is enough to 
keep the particles separated the system is stable. 
 
Nanopigment dispersed in water is not an exception to colloidal behaviour. As shown in 
figure 5-1 the particles have the tendency to agglomerate and sediment in a few days 
after the dispersion is formed. To achieve a stable nanopigment colloidal suspension it 
is necessary to prevent the particles to stick together when they collide with each other. 
This is referred to as stabilization of the colloidal suspension. 
 
 
The mechanism used for the stabilization of nanopigment particles is electrosteric 
stabilization, which is the combination of the electrostatic and steric principles (refer to 
chapter 2 for more information). In the steric stabilization method, the charges 
stabilizing the particles are distributed by polymers chains which are also known as 
polyelectrolytes (Caruso, F. &Mohwald 1999; Caruso, Frank 2004). The advantage of 
steric stabilization is that when using polyelectrolytes with strong acid blocks (such as 
sulphonates), their stabilizing action is independent of the pH(Trubetskoy et al. 1999). 
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Figure 5-1 MB/Lap nanopigments suspension stability. The pigment particles in colloidal 
suspension without any surface modification tend to agglomerate into bigger particles and sediment 
with the time. 
 
5.3 Stabilization with polyelectrolytes  
 
Polyelectrolytes act as stabilising agents, since they are adsorbed on the surface of the 
particle, enhancing the electrical double layer. The adsorbed stabilising agent influence 
electrostatic interaction by increasing the thickness of the layer of ions surrounding the 
particles surface; this increases the double layer repulsion and thus improving 
stability(Shawn 1980).  The electrostatic interaction is given by the repulsion of similar 
charges added by the polyelectrolyte adsorbed on the particle surface. 
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Colloidal dispersion of negative and positive charge particles were prepared by 
adsorption of anionic poly (sodium4-styrenesulfonate) PSS and cationic poly 
(diallyldimethylammonium chloride) PDA polyelectrolyte respectively on the surface of 
the particles. Even though the laponite particles are negatively charged, in principle 
anionic  polyelectrolyte  is not supposed to bind to the surface. However, anionic PSS 
was chosen to study the adsorption on the positively charged edges of the clays. The 
nanopigment particles were mixed with a polyelectrolyte solution and then milled in a 
ball mill for about 5 h with 3 mm stainless steel milling beads. 
 
 
The adsorption of polyelectrolyte on the particle surface would generate a change in the 
electrical potential (ψ) (either increase or reverse). This electrical potential was 
measured by electrophoresis mobility or zeta (ζ) potential measurements (Shawn 1980; 
Yuan, J.Zhou.Gu et al. 2005; Yuan, J, Zhou, S.,You, B. 2006). The change in charge or 
ζ potential of the particles indicates the polyelectrolyte adsorption on the particles. The 
potential was measured on the surface face of the particles and the effect of the edges 
can be neglected. Table 5-1 shows the results of surface charge of pure laponite 
particles, Laponite with adsorbed dye MB_Lap and particles coated separated with PSS 
negative and PDA positive (MB_Lap + PSS, MB_Lap + PDA). 
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Table 5-1 Zeta (ζ) potential of the particles as a function of the surface charge of the particles faces 
Sample Average  Zeta (ζ) potential mV 
Laponite -50 
MB_Lap -40 
MB_Lap + PSS(-) -42 
MB_Lap + PDA(+) +77 
 
 
When the cationic dye adsorbs into the interlayer space of the MB_Lap, the faces of the 
particle remain negatively charged. The particles agglomerate due to the electrical 
attraction of the positive charge of the dyes on the edge and the negatively charged face 
of an approaching particle. When the particles agglomerate into particles more dense 
than the media, the particles settle and the suspension become unstable. 
 
According to the results on table 5-1, the pigment particles of MB_Lap are negatively 
charged by themselves (-50 mV). When the negative polyelectrolyte PSS is added to the 
suspension there is a minor change in the negative charge of the surface (-48 mV), while 
the samples coated with PDA (+) showed a significant reversal in the potential (-50mV 
to 77 mV), due to the adsorption of the cationic polyelectrolyte on the negatively 
charged particles surface. 
 
5.3.1 Surface coating with cationic polyelectrolyte 
According to the first ζ  potential results illustrated in table 5-1, the pigment particles of 
MB_Lap have an ionic character with negatively charge on their faces.  In previous 
studies of surface modification, non-ionic particles were coated with layers of anionic 
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and cationic polyelectrolyte respectively (Caruso, F. &Mohwald 1999; Yuan, 
J.Zhou.Gu et al. 2005).  
 
Since the nanopigment particles prepared in this study are negatively charged, the layer 
of PDA cationic polyelectrolyte can be applied directly without the need for an 
intermediate coating with an anionic polyelectrolyte (PSS). The original concentration 
of the cationic polyelectrolyte PDA is 20 wt% in water, which corresponds to a 
concentration of 208 mg/ml. 
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Figure 5-2  Zeta (ζ) potential of the particles coated with PDA and pH of the suspension 
 
Figure 5-2 shows the particle charge of the pigment suspension when coated with 
different concentrations of PDA.  These experiments were carried out with the aim of 
determining the most suitable concentration for a stable suspension. 
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Samples containing 2% to 20% of PDA were stable, the particles remained suspended 
forming one phase where a plateau of high ζ potential above 60 mV was observed. The 
higher was the absolute value of ζ potential, the higher was the electrostatic repulsion 
among the particles (Sakthivel et al. 2008). For concentration of PDA below 2%, the ζ 
potential values are lower, because there is less polymer on the particle surface to give 
enough charge to cause the repulsion. 
 
For a low concentration of PDA there was agglomeration of the particles. This 
agglomeration is caused because of the opposite charge attraction of the particles. When 
there is not enough polymer to cover all the particles, there would be attraction of the 
negatively charged uncoated particles with the opposite positive charged coated 
particles. Since PDA polyectrolyte has a high molecular weight, for high 
concentrations, the excess of polyelectrolyte in the suspension could coat several 
particles and cause agglomeration (Radziuk 2007). 
 
 
Stable suspensions were achieved with the use of PDA polyelectrolyte. The following 
sets of samples were prepared with a concentration between 1% and 2% in order to fine-
tune the necessary concentration of polyelectrolyte to keep the particles suspended. 
 
The samples prepared with 2% of PDA were centrifuged at 8000 rpm and separated into 
coarse particles in the sediment and fine particles in the supernatant. Both parts of the 
separation gave high positive ζ potential measurements, which gives a clue that the 
positive charge is not due to excess of free polymer in the suspension, but rather due to 
the polymer coating the particles.   
 
 105 
-30
-10
10
30
50
70
90
0 0.5 1 1.5 2 2.5
% PDA
Ze
ta
 
Po
te
n
tia
l m
V
6
7
8
9
10
pH
Zeta Pot pH
 
 
Figure 5-3  Concentration limit of PDA, Zeta (ζ) potential and pH of the suspensions 
 
Figure 5-3 shows the ζ potential results for medium concentrations of PDA (≤ 2% of 
polyelectrolyte). The suspensions presented a reversal on zeta potential when coated 
with PDA.  Likewise in the previous experiments with low and high concentrations, 
only the suspensions prepared with a PDA solution greater than 2% gave a ζ potential 
measurement above 60 mV. 
 
Previous studies (Radziuk 2007; Sakthivel et al. 2008)indicated that the higher the ζ 
potential with the same polarity, the higher will be the electrostatic repulsion between 
the particles. Also when the absolute ζ potential of the suspension is above 50 mV, the 
suspension is more stable due to the strong repulsive force of the particles. Similar 
results were obtained in this study, where the suspensions with a ζ potential around 60 
mV were more stable. 
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5.3.2  PH effect on the suspension 
 
For a given particles suspension, ζ potential is directly dependant on pH. When the 
particles are dispersed in water the ionisation of the surface can be observed by the pH 
measurements, therefore pH is also an indication of the electrostatic charge of the 
particles. A net surface charge is acquired when the excess of positively charged ions 
are adsorbed on the surface. When negatively charged particles are dispersed in water, 
the surface promotes OH- groups and gives a high pH. When the particles are positively 
charged due to the polyelectrolyte coating, OH- groups are attracted to the surface, and 
the dissociation of hydrogen ions H+ gives an acidic pH to the suspension. 
 
Figure   5-4 shows the increasing of ζ potential with the decreasing of pH. The more 
stable suspension had a ζ potential above 60 mV, with a pH of 8.7 and lower. The 
samples with a smaller amount of polymer or with no polymer at all, presented negative 
ζ potential or a negative surface charge. The suspensions prepared only with pigments 
particles with no polyelectrolyte coating have a basic pH of 9 and above. 
 
In previous studies of stability Sakthivel et al  suggested that when the absolute value of 
ζ potential is above 50 mV, which corresponds to a pH 12, the dispersion is very stable 
due to mutual electrostatic repulsions (Sakthivel et al. 2008). Similar results were 
obtained for these first experiments with polyelectrolytes. When the absolute values of ζ 
potential were up to 60 mV (positive) the suspensions were stable. However, for this 
case the pH  was at 8.7 and less, since the particles were positively charged. 
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Figure 5-4 Zeta potential (ζ) of pigment suspensions at different pH 
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Figure 5-5 Polyelectrolyte coating vs. pH 
 
 
The polyelectrolyte coating can also be observed by the change of the pH in the 
suspension. Figures 5-4 and 5-5 show a relation of polyelectrolyte coating and pH. The 
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negatively charged particles acquire positive charge when they are coated with PDA 
polyelectrolyte. This reversal of charge leads to a decrease of pH of the suspension. 
Figure 5-5 shows the direct relationship of polyelectrolyte coating and pH of the 
suspension. With the absence of polyectrolyte coating (0% PDA), the particles have a 
negative charge; the pH is decreasing with the increasing of polyelectrolyte coating (0.2, 
2.0 and 10.0% PDA). The pH of the suspension is also an indirect way to predict the 
charge of the particles. 
 
These initial results of coating with polyelectrolytes indicate that the pH of the 
suspension is related to the charge of the particles. The particles with a positive charge 
have a lower pH in comparison with the uncoated particles that are negatively charged 
and have a basic pH (higher than 7.0). Also the samples with low concentration of 
polyelectrolyte (0.2%) have a high pH. This means that there is not enough positive 
charge to neutralise the negative charge on the surface of the particles and the overall 
charge of the particle is still negative. 
 
 
5.3.3 Effect of the pH on polyelectrolyte charge  
 
The interaction between the polyelectrolyte and the particles is dependant on the pH and 
the ionic strength (Bauer et al. 1998). For  polyelectrolyte, containing amino groups, the 
charge of the polyelectrolyte might be pH dependant due to the protonation of the 
polymer molecules (Ramos-Tejada et al. 2006). The change in charge can be 
represented due to a change in the ζ potential.    
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Other cationic polyelectrolytes with secondary and tertiary amino groups are found to 
increase their protonation with the decrease of the pH when dissolved in water , like  in 
the case of Poleyethyleneimine (PEI) (Ramos-Tejada et al. 2006). For the case of PDA, 
the quaternary ammonium group has a degree of dissociation independent of the pH 
which means the charge of the amino groups is constant in a wide range of pH (Bauer et 
al. 1998). Figure 5-6 shows the protonated state of Poleyethyleneimine polymin G 100 
in its protonated state and the ammonium quaternary group of PDA.       
 
             
 
Figure 5-6  (a) Poleyethyleneimine PEI (protonated state) and  (b) Poly (diallyldimethylammonium 
chloride) PDA(Somasundaran &Kramer 2004) . 
 
Figure 5-7 presents the ζ potential measurement of the nanopigment suspensions 
prepared with PDA polymer. The ζ potential remains positive for a wide value of pH. 
The negative values of the ζ potential at higher pH are given by the negative charge of 
the non-coated particles. 
(b) (a) 
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Figure 5-7  Zeta (ζ) potential vs. pH of the nanopigments coated with PDA polyelectrolyte. 
 
The PDA polyelectrolyte is protonated regardless of the pH of the suspension. The ζ 
potential measurements and pH of the suspension are related to the concentration of 
polymer. Another aspect that may vary the interaction of polymer and the particles is 
the addition of salt for ionic strength of the solution. These results are presented later. 
 
5.3.4 Particles size distribution of the suspension (DLS)  
 
One way of following the stability of the suspension is by measuring its particle size 
distribution. Figure 5.8 A shows the particle size results from DLS measurements (refer 
to section 2 for the description of the method). When the colloidal suspension is 
prepared without any polyelectrolyte (0% PDA) the size distribution for this suspension 
indicates a mean particle radius of 49.8 nm or a diameter of 99.6 nm, which is good for 
a colloidal suspension. However, after a few days of storage, the particles agglomerated 
and settled. 
 111 
 
Figure 5-8 DLS results: (A) 0% PDA, mean radius 49.8 nm; (B) 0.2% PDA mean radius 851 nm; 
(C) 2% PDA , mean radius 21.4 nm and (D) 10 % of PDA, mean radius 485 nm. 
 
When a small amount of polyelectrolyte PDA is added in the suspension, not all the 
particles get coated. This could result in an attraction between the oppositely charged 
particles leading to agglomeration into bigger particles (fig 5-8B), with a mean particle 
size above 1000 nm. In a matter of hours the suspension flocculates and precipitates 
even faster than the suspension prepared without any polymer coating.  The sample 
prepared with 2% of polyectrolyte (fig 5-8 C) has less agglomeration with a mean a 
diameter of 42.8 nm, with 97% of the particles within this radius. On the other hand, 
when a higher concentrations of polyelectrolyte is added, even though the suspension is 
stable, the excess of polymer tends to agglomerate more (figure 5-8 D), producing a 
particle diameter above 1000nm, which is above the colloidal scale. 
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5.3.5 Stability of the suspension  
There are a few methods for measuring the stability of the dispersion. The stability of 
the initial suspension prepared with polyelectrolyte coating was monitored by the 
absorbance spectra measurements. 
 
When passed through a diluted suspension the incident beam is attenuated by the 
absorbance and scattering of the nanopigment particles. Both light scattering and 
absorption of the incident light is affected by the particles size distribution of the 
suspension. Based on the optical behaviour of the suspensions, the stability was 
monitored by absorbance measurements in a peak to valley ratio obtained from the 
spectra of the pigments suspensions in a period of time (Fu et al. 1998).  
 
The absorbance of the suspension can be expressed following the Beer lambert formula 
as shown in equation 5-1 (Hiemenz 1997). 
 
( ) xaA ∆+= 111 τ          5-1 
 
Where 1a  and τ1 are the absorbance and scattering coefficient respectively at maximum 
absorbance A1 at wavelength λ1, and ∆x is the thickness of the cell. At the valley (λ2 
=800 nm lowest absorbance point) the absorbance A2 would be given by equation 5-2. 
 
( ) xaA ∆+= 222 τ          5-2 
 
The scattering  coefficient τ, is mainly determined by the particle size; meanwhile the 
absorption coefficient is determined by the molecules on the surface of the particle. 
 113 
0
0.5
1
1.5
2
2.5
400 450 500 550 600 650 700 750 800 850 900
wavelength (nm) 
Ab
so
rb
a
n
c
e
A1
λ1 λ2
A2
Ab
so
rb
a
n
c
e
Ab
so
rb
a
n
c
e
 
Figure 5-9 UV-Vis absorption spectra for peak and valley ratio A1/A2 for nanopigments 
suspensions. 
The peak and valley ratio A1/A2 is the relation of the maximum absorbance peak and the 
lowest absorbance valley (figure 5-9). When flocculation of the pigment dispersion 
occurs the particle size will increase, and consequently the A1/A2 ratio will decrease. 
When the ration A1/A2 of a suspension remains constant the suspension is stable.  
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Figure 5-10 Effect of storage o on the value A1/A2 of the nanopigments samples 
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Figure 5-10 shows the results for the ratio A1/A2 of the nanopigment suspensions. For 
the sample A prepared without surface polyelectrolyte coating (0% of PDA) there is a 
big change on the ratio A1/A2.  From day 0 to day 1 the ratio A1/A2 increases, the 
particles are flocculating and the particles size increases; this suspension is unstable. 
Suspensions B and C are more stable, since the ratio of A1/A2 changes by a small 
amount.  
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Figure 5-11 Effect of storage on A1/A2 for different PDA concentrations 
 
Figure 5.11 shows the ratio A1/A2 for suspensions prepared with different concentration 
of PDA. In a similar way for the particle size distribution of the suspension as explained 
in the previous section, the suspension prepared with 2% of PDA is the most stable. The 
suspension of higher and lower concentrations (10.0 and 1.0% respectively) present 
flocculation by excess of polyelectrolyte, which can be by the coating on several 
particles in the case of polyelectrolyte excess or by the  attraction between coated and 
uncoated particles for lower concentrations. 
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5.3.6 TEM of nanopigment particles  
 
 
Figure 5-12  TEM micrograph of the nanopigments particles 
 
For the TEM measurements, the nanopigment suspension prepared with 2.0% (wt/wt) of 
PDA was resuspended in acetone and dried on a cupper grid. The TEM micrograph of 
figure 5-12 shows that the particles are not round but elongated shape. The particles are 
not separated into individual disks; they tend to agglomerate forming clusters. 
 
The TEM micrograph was taken of dried particles. Once the particles are placed on the 
measurement grid and the solvent is evaporated the dried particles tend to agglomerate 
in clusters. This represents a big difficulty for the use of TEM for particle size 
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measurement. However, these micrographs can give useful information about the shape 
of the nanopigment particles 
 
5.3.7 Mass Balance  
Mixing 
1 g Lap        + 0.144g MB dye    
 suspension     dissolved in water
Centrifuge
supernatant
(clear solution)
coarse material
wet particles
10 g of wet particles           +       0.2 g of PDA polyelectrolye  
 
(0.5 g of dried particles)          (10 ml of 2% PDA solution or 0.02g/ml)
Ball Mill
Grinding   7 hrs
              500 rpm
dried particles
 40 ml suspension
500 mg nanopigment particles
12.5 mg/ml
 
Figure 5-13 Mass Balance of the nanopigment grinding 
 
The mass balance was done in order to have an adequate figure about the quantity of the 
nanopigments that is coated with polyelectrolyte for the standard experiment. Figure 5-
13 shows the mass balance for the grinding of a typical sample of the nanopigment 
particles. A typical sample of 1.0 g of Laponite is mixed with 0.144 g of MB dye, which 
corresponds to 60% of the CEC of the Laponite. After the nanopigments are prepared 
with this relation of materials; 10 g of the centrifuged wet material, which is equivalent 
to 0.5 g of dried particles. This wet material was mixed with 10 ml of PDA 
polyelectrolyte (2.0%, equivalent to 0.2 g/ml). The mixture is grinded in the planetary 
ball mill for 7 hrs at 500 rpm. After the mixing time, the particles coated with PDA 
were redispersed to a volume of 40 ml.  
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 In summary from the grinding of the material, all the samples were prepared from 10 g 
of wet material equivalent to 0.5 g of dried particles and finally redispersed to a volume 
of 40 ml after grinding. 
 
5.3.8 Colour measurements under UV degradation  
The degradation of the dye present in a solution vs. pigments suspension was measured 
when they were exposed to UV radiation. The measurements were done following the 
L*a*b* standard colour scale described in chapter 3. The samples used for these 
experiments were nanopigment suspensions and dye solutions. The samples of 
nanopigment suspension were the standard suspension of 40 ml used for other analysis. 
The dye solutions were prepared with a concentration of 1.75 mg/ml of MB dye in 
water. This is the same concentration of dye in the nanopigment suspensions. The 
results of the UV degradation are shown in figure 5-14. 
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Figure 5-14 Colour measurements of dye solution vs. pigment suspensions after 8 hrs of UV 
exposure 
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Both dyes and pigments degrade under UV exposure. The degradation of dye is higher 
during the first hours (form 0 to 3 hrs), and then the rate of degradation is similar for 
dyes and pigments. Pigment suspensions are more resistant to UV degradation 
compared to the pure dye for the first 8 hours of exposure as tested in this study. MB 
dye encapsulated with Laponite clays presents an improvement of UV degradation 
resistance in terms of colour difference. However, this improvement is for an initial 
period of time of 8 hrs after this time the degradation is more uniform for dyes and 
pigments. 
 
5.3.9 Surface modification with alternative polyelectrolyte (low molecular 
weight PDA) 
 
A certain degree of stability could be observed in the nanopigment suspensions 
prepared with PDA coating. However, there are some problems regarding to the use of 
this polyelectrolyte, like particle agglomeration and sedimentation for some of the 
suspensions prepared. Since the particles are of ionic character, the use of non ionic 
dispersants like Polyethylene glycol (PEG) or EDTA was unsuccessful in terms of 
stability of the suspensions.  
 
The coating of the particles by polyelectrolyte might be influenced by two important 
factors:  the polymer length and the ionic strength of the solution (Gittins &Caruso 
2001; Caruso, Frank 2004). This ionic strength is referred as salt concentration or the 
concentration of ions in the solution. This section describes the uses of PDA having a 
lower molecular weight LMW (M W < 100.000). 
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In the previous experiments of particles coating using High molecular weight (HMW) 
PDA the suspension obtained with coated particles was stable. However, to avoid 
agglomeration of the particles by multiple coating a lower molecular weight 
polyelectrolyte was used PDA Low molecular Weight (LMW). This polyelectrolyte has 
the same molecular structure as the previous HMW PDA, but with a shorter chain 
length. This polyelectrolyte has an original concentration of 35% (wt/wt) in water.  
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Figure 5-15 zeta potential (ζ) of the suspension prepared with PDA LMW 
 
 
In order to find the adequate concentration of PDA LMW, different samples with a 
range of concentrations from 2.0 % (wt/wt) were prepared.  The coated nanopigment 
particles showed an increase of the ζ potential with increasing PDA LMW 
concentration as shown in figure 5-15. The samples prepared with PDA concentration 
of 2.0% and above gained ζ potential more than 50 mV and formed stable suspensions. 
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Figure 5-16  DLS results for suspension prepared with PDA low molecular weight and with NaCl 
 
Figure 5-16 shows the particle size distribution of the samples prepared with different 
concentration of PDA LMW. The best results were obtained for the samples prepared 
with concentrations of 2.0-2.5% (wt/wt) of PDA.  Figure 5-16 A shows the DLS results 
of the stable sample prepared. Initially the observed mean particle diameter of the 
suspensions prepared was below 200 nm, which was within the optimal range required. 
However, after a few days the samples started to sediment forming a viscous-gel type 
suspension. Other samples that contained higher concentrations of polyelectrolyte, (e.g. 
4.0 and 17.5 % (wt/wt) formed a thick gel suspension in less than 24 hours after 
preparation. 
 
Previous studies investigated the coating of nanoparticles with the increase of ionic 
strength by adding NaCl. The addition of NaCl is meant to reduce the chain stiffness 
when short polyelectrolyte is used (PDA in this case) and improve the coating (Netz 
&Joanny 1999; Gittins &Caruso 2001; Subramanya 2003). For the samples prepared 
with 20 mM of NaCl (Figure 5-16 B) the initial particle size measurement was also 
below 200 nm in diameter range. These suspensions showed a continuous phase but 
formed a gel type system after days of being prepared (from the first week on). 
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Figure 5-17 pH of samples coated with PDA LMW and NaCl  
 
The pH of the suspensions prepared with PDA LMW is also proportional to the amount 
of polyelectrolyte coating. As show in figure 5-17 the pH of the suspensions increases 
with increasing PDA concentration. The samples coated with PDA did not show much 
variation with the addition of NaCl. However, the samples prepared with addition of 
NaCl for extra ionic strength, initially formed a stable suspension with particles size 
below 200 nm. However, within a few days after being preparation the particles 
agglomerated and formed a thick gel suspension. 
 
 
The particles coated with PDA (LMW) also had a reverse of the ζ value. Figure 5-15 
shows a reverse of the negative charge of the nanoparticles from – 25 mV (without PDA 
coating) to values above + 50 mV. These results also show that the PDA coated the 
particles; the increase of PDA concentration increased the deposition on the particles, 
leading to positive increment of the ζ potential value as shown in figure 5-15. 
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5.3.10 Effect of the Ionic strength on the diffuse double layer 
 
NaCl was added to the nanopigment suspension with the aim of increasing the ionic 
strength of the continuous media. In previous studies of layer by layer encapsulation of 
colloidal particles, the particles were of non-ionic character (Schlenoff &Dubas 2001; 
Subramanya 2003; Yuan, J.Zhou.You et al. 2005). NaCl was added to the suspension to 
increase the ionic strength and improve the coating with polyelectrolytes. The 
nanopigment particles of this study are of ionic character (negatively charged particles). 
In suspension, the ionic strength is high mainly due to the presence of adsorbed dye 
with their counter ions (Cl-). 
 
The theory of the diffuse double layer consists of two regions of charges surrounding 
the particles. For the anionic particles, the inner part of the double layer is formed by 
positive charges neutralizing the negatively charged surface creating a tight bond to it. 
This distribution of charges is known as stern plane (please refer to section 2.7.4.3 stern 
potential).  The second part is the diffuse layer, which is formed by negative and 
positive charges arranged in a diffuse manner, but less bound to the particles. The 
stability of the colloidal systems is determined by the thickness of the Stern plane 
surrounding the particles. When two particles approach each other and if the stern 
planes surrounding them are thick enough, the overlapping of the planes causes 
repulsion of the particles that keep them from agglomeration. 
 
 
For the nanopigment particles the Stern plane is not thick enough to repel neighbouring 
colloidal particles. The positive charge of the adsorbed dyes decreases the Stern plane 
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and the particles which are colliding by Brownian motion stick together forming bigger 
agglomerated particles which  eventually sediment. 
 
According to the Debye-Huckel approximation, the thickness of the double layer 
decreases with the ionic concentration (1/κ parameter) (refer to chapter 2 for more 
information). When the nanopigment suspensions are prepared with NaCl, the extra ions 
in the system cause a decrease in the thickness of the double layer of ions surrounding 
the particles. This decreasing of layer thickness represents the reduction of the repulsion 
among particles when they approach each other due to the Browning motion. When 
there is not repulsion strong enough to overcome the attraction forces, there is formation 
of gel and sedimentation of the particles. 
 
Figure 5-18 represents the reduction of the stern plane and double layer caused by the 
adsorption of ions on the particles surface 
  
Figure 5-18 Compression of the double layer from addition of NaCl 
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The suspensions prepared with NaCl for extra ionic strength form a viscous-gel system, 
because there is an increase of the agglomeration of particles due to the reduction of the 
double layer of ions surrounding them. 
 
In conclusion, for the nanopigment coating there is no need of the addition of extra salt 
to the systems, since the system has a high ionic strength. On the contrary, the addition 
of salt promotes the formation of gel-type systems by reducing the barrier of repulsion 
among the surrounding particles. 
 
In summary the nanopigments particles can be suspended in aqueous media when 
cationic polyelectrolyte is added to the suspension. Since the particles are negatively 
charged, cationic polyelectrolyte (PDA) can be adsorbed on the surface by electrostatic 
interactions.  When the PDA polyelectrolyte is adsorbed on the particles surface the net 
charge of the suspension changes from negative value to positive value; this 
characteristic can be proved by the reversal in the ζ potential value from negative to 
positive and also by the decrease of the pH. The nanopigment suspensions have a ionic 
character and for these reason there in no need of the addition of extra ions for the 
coating with polyelectrolyte. 
 
5.3.11 Thermodynamics of stabilization (Effect of the polymer chain on 
colloids stabilization) 
 
When two particles coated with a polymer approach each other, the interaction of the 
polymer chains causes repulsion, which in some cases might be enough to maintain the 
stability of the system.  The chain-chain interaction of neighbouring particles at the 
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expense of solvent-chain interactions leads to the increase of the free energy of 
repulsion (Hunter 1993).  
 
Figure 5-19 Free energy of interaction ∆G between two particles with a distance d apart (a) van der 
Waals attraction, (b) Repulsion, (c) resulting interparticle free energy. 
 
The main contribution for the interaction of two colloidal particles can be summarised 
by the equation 5-3. The total potential or free energy of two colloidal particles 
separated by a distance d is assumed to be the sum of attraction and repulsion forces 
(Evertt 1988).  
 
          
repatt GGG ∆+∆=∆       (5-3) 
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Figure 5-19 shows the repulsion and attraction force that increases when the particles 
approach each other. The resulting force (figure 5-19C) shows the contribution of 
attraction and repulsion to the free energy. 
 
Following the second law of thermodynamics; the free energy of mixing of the particles 
can be divided by enthalpy and entropic contribution. 
 
SmixTHmixGmix ∆−∆=∆       (5-4) 
 
  
Steric stabilization, when the chains of the polymers interact with causing repulsion can 
be interpreted in thermodynamic terms as the decrease of the entropy of the system. 
According to equation 5-4 the increase of the free energy of repulsion ∆Grep increases 
the total free energy, and the increase of the free energy decreases the entropy of the 
system (equation 5-4). 
 
 
5.4 Point zero charge (coagulation behaviour) 
 
The coagulation is related to the instability of the colloidal systems due to the 
agglomeration of the particles.  Because of the Brownian motion, the particles are in a 
constant collision. If there is not a barrier strong enough to repel the van der Waals 
attraction forces acting on the particles, the collision might result in the formation of 
flocs, and when the density of the flocs is higher than that of the medium, the particles 
settle.  
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The point at which the particle agglomeration occurs is known as point zero charge 
(PZC) or isoelectric point. The net charge of the particles at this stage is zero. The 
coagulation behaviour of the nanopigment suspensions can be studied by the charge of 
the particles. In terms of the ions in the solutions, PZC is the pH at which the particles 
do not move when an electrical field is applied (Appel et al. 2003) . 
 
 
The nanopigment suspension was titrated with a solution of HCl 0.1M. This was done 
with the objective of having an overview of the interaction of the surface charge with 
the H+ ions in the solution. Figure 5-20 shows the change of electric potential with the 
addition of HCl. The nanopigment particles have a negative surface potential and the 
suspensions have a high pH. The addition of HCl, the H+ ions neutralises the negative 
charge of the surface and the pH of the solution decreases. When the potential 
approaches the value of 0.0 mV, the particles start to aggregate forming flocs and 
eventually sediment. At this point, according to the double layer principle, the extra ions 
cause the diffuse double layer surrounding the particle to shrink and the ζ potential 
approaches zero. This produces the reduction of the repulsion of the particles. When the 
potential reaches 0.0 mV the suspension settles, the pH becomes close to 7, and the 
electrical charge on the particles surface is neutralized. The charge density at this point 
is zero. 
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Figure 5-20 Point Zero charge of the Nanopigment suspensions 
 
 
The coagulation behaviour of the suspension can be assessed by the addiction of NaCl 
to the system.  Due to the negative charge of the particles, the surface can be protonated 
when HCl is added or any other salt. When the ions are adsorbed on the particles, the 
double layer compresses to a point that there is not a repulsion force between them, and 
finally they flocculate and settle, which speeds the coagulation of the suspension.  
 
The determination of the point zero charge (PZC) is an alternative method to estimate 
the net charge of the particles. When the pH is above the PZC, the particles are 
negatively charged and attract H+ to the surface. Alternatively when they attract OH- , 
the particles are positively charged and the pH of the solution is below the PZC. The pH 
of the nanopigment suspension initially is above 9.0 which is reduced to a pH of 7.0 
when HCl is added as is shown in figure 5-20. This method can be used to reassure that 
the faces of the nanopigment particles are negatively charged.  
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The point zero charge of the system is known by the point when the charge on the 
particle surface is neutralised and there is not an ionic barrier to overcome the Van der 
Waals attraction forces of agglomeration. When the net charge of the particles is 
neutralised, the pH of the suspensions drops from 9.0 to 7.0. At this point the particles 
flocculate and settle, making the system unstable. 
 
 
 
5.5 Protonation of the nanopigment particles 
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Figure 5-21 Reverse in potential of protonated particles with the addition of HCl 
 
The nanopigment particles, when in suspension without any kind of surface 
modification, agglomerate due to face to edge interactions in a “pack of cards” 
arrangement. When the particles are dispersed in water, the pH in the solution is above 
the PZC (which in this case is 7.0) due to negative charge of the faces. The particles 
start to flocculate because of the face (-) to edge (+) electrostatic attraction, and 
sediment in a period of 24 hrs. 
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When HCl is added to the suspension, the H+ ions are adsorbed on the negative surface 
of the particles. The negative charge of the particles is neutralised and the ζ potential is 
reversed to a positive value as shown in figure 5-21 for MB_Lap particles. The 
adsorption of H+ on the negative surface gives the particles a uniform positive charge. 
Since the nanopigment particles are positively charged, there is no face to edge 
interactions. However, since the ionic strength of the systems increases due to the HCl 
addition, the thickness of the Stern layer decreases and the repulsion force is not strong 
enough to overcome the Van der Waals attractions and the particles flocculate and 
sediment (section 5.3.10). 
 
 
5.6 Effect of HCl acid on the gel formation of Laponite suspensions 
 
 
The Laponite disks are negatively charged on the faces due to the oxygen plane. The ζ 
potential of the particles in suspension is negative (figure5.21) and the pH of the 
solution is basic (pH > 9.0). However, the edge of the particles bears a positive charge. 
This charge distribution makes the particle in suspension agglomerate by face to edge 
interactions. This agglomeration of particles leads to a formation of a house of cards 
structure and the suspension becomes a gel (Van Olphen 1977; Tawari et al. 2001; 
Mongondry et al. 2005).     
 
 
The formation of gel occurs at concentrations of 2.0 % (wt/wt) or higher of Laponite in 
water. For lower concentrations of Laponite in water, initially a clear suspension is 
observed but after a week of preparation suspension become gel as well. The positive 
 131 
charge of the edges induces the attraction with the negative charge of the particles. This 
charge disparity of the particles can be compensated by the addition of HCl to the 
suspension. 
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Figure 5-22 Laponite gel formation and reversibility of the agglomeration with the addition of HCL 
 
 
The H+ adsorbed on the negative phase of the disk neutralises the charge and this 
reversed the aggregation of the particles even thought the ionic strength is increased.  
 
Figure 5-22 shows how the Laponite gel can be dissociated with the addition of HCl. 
The gel becomes a clear suspension after the addition of HCl when the H+ neutralizes 
the negative charge of the faces of the disk. This neutralization is also proved by the ζ 
potential measurements, where the negative value is reversed after the addition of HCl 
as shown in figure 5-21. 
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5.7 Intercalation of organic dye in protonated particles 
5.7.1 Intercalation with MeB dye 
In previous sections it has been shown that the Laponite disks are negatively charged on 
the faces, and the surface can be protonated with the addition of HCl to the Laponite 
particles in suspension. When H+ is adsorbed on the surface there is a reversal of the ζ 
potential since the particles acquire a positive charge; from -54.9 to 14.78 mV as shown 
in figure 5.21.  
The adsorption of MeB dye on protonated Laponite particles occurs in a different way. 
Once the Laponite surface is protonated, the particles are positively charged; when the 
Me B solution is mixed with the Laponite suspension there is an adsorption of MeB dye 
in the interlayer space by exchange with the Na+ cation and on the face surface by 
interaction with the negative charge. However, for this case since the surface of the 
particles is positively charged, there are no electrostatic interactions on the particle 
surface.  This means that the dye is adsorbed on clay mainly by exchange with the 
inorganic cation from the interlayer space.  In this way the adsorption of dye in the 
interlayer space increases with no further adsorption of the surface.  
 
5.7.2 Sample preparation 
 
For the formation of nanopigment, a previous protonation of the Laponite particles was 
carried out. The purpose of the protonation of the Laponite particles before the dye 
absorption is to give to the particles a more uniform charge, so that the face to edge 
agglomeration or “pack of cards’ can be prevented and by this way enhancing the 
stability of the nanopigment suspensions. 
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A solution of HCl is added to a suspension of Laponite of concentration (1.5 % wt/wt), 
originally the Laponite suspension has a high pH (above 8) due to the negative charge 
of the faces. When the fist drops of HCl are added to the solution, the pH falls to acidic 
level (i.e. < 1.0) and the suspension starts to become gel (gelatinization). This 
gelatinization process is due to the adsorption of H+ on the negative charge of the 
surface. In this stage, there are negative and positive charges on the particles and the 
agglomeration by pack of cards is accelerated. By adding more HCl to the solution, the 
pH of the suspension decreases and the gelatinization is reversed. In other words, the 
gel suspension will collapse and therefore will form a clear suspension again.  
 
At this point the nanopigment particles formed with the addition of HCl to the 
suspension present less agglomeration in comparison to that with the nanopigments 
prepared without HCl.  
 
   
 
 
Figure 5-23 microscopic photos of the adsorption of MeB on Laponite particles (A) lap +MeB dye, 
(B) Lap+HCl +MeB dye 
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Figure 5-23 shows the agglomeration of the nanopigment particles after the dye is 
adsorbed on Laponite. When the positively charged dye is adsorbed on the negatively 
charged Laponite there is agglomeration by electrostatic attraction of negative and 
positive charges (figure 5-23A). When the Laponite particles are protonated with HCl, 
the surface are positively charged and there is less negative charges on the particles 
Therefore, there is less electrostatic agglomeration by positive / negative charges 
interactions among particles (figure 5-23B). 
 
 
5.7.3 Atomic adsorption  
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Figure 5-24 Na+ released into the aqueous solution 
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Figure 5-25  Nanopigment particles sediment and clear supernatant solution 
 
 
When the organic dye is adsorbed on the Laponite the nanopigment particles settle and 
the system is divided into settled particles and clear supernatant solution as shown in 
figure 5-25. The supernatant solution might contain the Na+ released from the exchange 
with organic dye; the Na+ in the solution was measured by atomic absorption. 
 
Figure 5-24 shows the atomic absorption results for samples prepared with Laponite 
clay and Laponite clay protonated with HCl (sample 1 and 2 resp). The results show 
that the protonated particles (sample 2) release more Na+ since the organic dye is 
exchanged with the Na cation and the surface of the particle is positively charged 
(figure 5-21) or has less negative charges for electrostatic interaction with the positively 
charge dye.  
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5.7.4 Interlayer space  
 
 
Figure 5-26 XRD analysis of Lap, Lap +HCl +MB and Lap_MB 
 
Another indirect way of measuring the adsorption of H+ ions on the surface of the 
particles is by the interlayer space of the clay particles. This measurement was carried 
out using the XRD technique (refer to section 3.4.3 for more information). The ζ 
potential results shown in figure 5-21 indicates that the Laponite particles have more 
positives charges on the surface after the protonation with HCl. When the Laponite 
particles are mixed with the cationic dye molecules, the adsorption of molecules on the 
Laponite surface by electrostatic interaction is reduced and the dye is allocated in the 
interlayer space by exchange with the Na+ cation. The intercalation of the dye might 
result in a change of the d spacing between platelets. Figure 5.26 shows the shifting of 
layers of Laponite particles when dye is adsorbed. The initial reflection band for 
Laponite was of 2θ =7.02° and the major shifting to a lower value occurs for the 
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samples of Laponite protonated with HCl and MB intercalated (2θ=6.21°) in 
comparison with the sample of Laponite with MB intercalated (2θ=6.58°). 
 
The major shifting occurs for Laponite particles protonated with HCL and MB dye 
adsorbed. The d spacing of the samples is calculated using the Bragg’s law and the 
results are presented in table 5-2. These results indicate a major change in d spacing for 
the particles of Laponite with protonated surface with H+ and with MB dye adsorbed. 
This represents an increase of the adsorption of MB molecules in the interlayer space of 
Laponite instead of the adsorption on the surface of the particle. 
 
 
Table 5-2  interlayer spacing of lap clay, lap + HCl and Lap_MB 
 
        d spacing 
Sample  Max  2 θ θ degrees Armstrong  Nanometres 
Laponite * 7.21 3.61 0.06 12.25 1.22 
Lap_MB  6.58 3.29 0.06 13.42 1.34 
 [Lap +HCl]+MB 6.21 3.11 0.05 14.22 1.42 
 
* Laponite as delivered  
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5.8 Effect of surface protonation of nanopigment on the stabilization 
with polyelectrolytes  
 
The nanopigment particles prepared with HCl present a reverse of the ζ potential from 
negative to positive charge with a ζ potential above 30 mV without any polyelectrolyte 
coating (figure 5-21). The particles have a more uniform surface charge. This positive 
charge will decrease the agglomeration of the particles by negative to positive 
electrostatic attractions. However, the suspensions have certain degree of instability and 
there is still sedimentation.  To obtain stable nanopigments suspensions the protonated 
samples were coated with PDA polyelectrolyte and the results in terms of stability are 
presented in this section. 
 
 
The protonated nanopigment particles were formed with Laponite, which was prepared 
with the addition of HCl to the suspension as described in the previous section. Even 
thought the protonated nanopigments particles have a positive ζ potential, during  
grinding some negative charges were exposed and they became available for coating 
with positive polyelectrolyte. The particles were coated with PDA low molecular 
weight LMW (MW< 100.000) as well as PDA high molecular weight HMW (Mw 
400.000 – 500.000) with concentrations of 2.0 to 2.5%. These concentrations were 
chosen based on the positive ζ potential results of previous samples shown in figure 5-
15. 
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5.8.1 Absorption spectra of nanopigment suspensions  
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Figure 5-27 absorption spectra of protonated nanopigment particles coated with PDA LMW 
 
The nanopigment particle suspensions coated with PDA LMW were centrifuged and 
separated in supernatant or fine and sediment or coarse parts. Figure 5-27 shows the 
visible spectra of fine and coarse suspensions. The maximum absorbance peak for both 
fine and coarse suspensions is reached at 664 nm. The different absorbance intensity is 
due to different dilutions of the samples. This absorbance peak indicates that both 
coarse and fine particles are coated with polyelectrolyte. The same wavelength value for 
the maximum absorbance peaks for coarse and fine particles indicate that all the 
particles are uniformly coated with polyelectrolyte.  
 
5.8.2  Particle size distribution of protonated samples 
The nanopigment suspensions prepared with PDA LMW coating were checked for 
agglomeration using the DLS technique as was done for the previous suspensions. 
Figure 5-28 shows the DLS results using 2.0 and 2.5 % of PDA LMW. Previous 
 140 
samples of nanopigment particles prepared with Laponite without surface protonation 
were obtained for the same concentrations. The DLS results for those samples are not 
reported because even though the suspensions were initially single phase, after a few 
days of preparation there was gel formation. The protonated suspensions were stable 
and remained a single phase. The mean radius of these suspensions was above 200 nm, 
that is of larger sizes compared to the previous results.  
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Figure 5-28  DLS results of protonated nanopigments suspensions: (A) 2.0 % PDA LMW mean 
radius 318 nm, (B) 2.5% PDA LMW mean radius 231.2 nm.  
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Figure 5-29 DLS results of protonated nanopigments suspensions after 5 weeks of preparation  : 
(A) 2.0 % PDA LMW mean radius 323 nm, (B) 2.5% PDA LMW mean radius 283 nm. 
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However, these particles remained stable since these results were taken 5 weeks after 
the preparation of the samples as shown in figure 5-29 Sample A prepared with 2.0 % of 
PDA coating remained stable with a mean radius of 300 nm and  sample B prepared 
with 2.5% remained stable with a mean radius below 300 nm. 
 
 
The nanopigment suspensions prepared with PDA HMW increased in stability. Figure 
5-30 shows the mean radius distribution for protonated particles coated with PDA 
HMW with 2.0% wt/wt concentration. The suspension prepared initially had a mean 
radius of 240 nm, and after 5 weeks of preparation the samples remained in single phase 
and with similar distribution having a mean radius of 220 nm. The small difference in 
the mean radius might be due to some initial sedimentation of a few particles during the 
measurements. 
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Figure 5-30 DLS results of protonated sample prepared with PDA HMW 
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5.8.3 Surface charge of protonated samples  
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Figure 5-31 Zeta (ζ )potential and pH measurements of protonated particles coated with PDA 
 
 
The surface charge of the protonated samples also increases with the coating of PDA. 
According to figure 5-31, protonated particles coated with PDA HMW show positive 
charge above 50 mV and above 40 mV for particles coated with PDA LMW. The pH 
measurements also show acidic character of the suspensions. Likewise other samples 
coated with polyelectrolyte show a positive increase of the ζ potential and a decrease of 
the pH of the suspension. This indicates the fixation of the polyelectrolyte to the 
particles. The mechanism of fixation of the polymers on the surface particles is 
explained in the next section. 
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5.8.4 Attachment of the polymeric groups 
 
For organic pigments with reactive surfaces it is possible to form an ion-pair bond 
between the charged surface and the opposite charged acid/base functional group of the 
polymeric chain (Inkline 2010).  For nanopigment particles the polyelectrolyte is 
anchored by the same mechanism. The positive charge of the ammonium group 
interacts forming a pair-ion with the negative charge of the nanopigment particle.  
Initially the nanopigments have a heterogenous charge with negative charge on the faces 
and positive on the edges. The Polyelectrolyte anchors to the negative charge causing 
electrosteric repulsion with approaching particles coated with polymer. The polymer 
chains intermingle among each other decreasing the degree of freedom or in 
thermodynamic terms, causing a reduction of entropy of the system originating 
repulsion. This repulsion provides the necessary barrier to overcome the Van der Walls 
attractions (please refer to section 2.8.1for the thermodynamic of stability). However, 
when there is too much of polymer chains anchored to the surface the chains might 
collapse over each other and the particles will flocculate (figure 5-32). 
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Figure 5-32 Effect of the quantities of polyelectrolyte anchored to the surface of the particles 
(Inkline 2010) 
When the particles are previously protonated, the polyelectrolyte is anchored to the few 
negative charges available or exposed by the grinding. The chains are fully solvated in 
the medium (figure 5-32 B). 
 
5.9 Nanopigment particles prepared with alternative dye 
 
In addition to methylene blue (MB) another cationic dye, Malachite green oxalate MG 
was tried for intercalation with laponite particles. This dye is very similar to MB with 
one positive charge, and in the form of salt with its counter ion, which in this case is 
oxalate. 
The first set of experiments with MG was done by intercalating MG with laponite clay 
using the amount of dye corresponding to different cation exchange capacities of the 
laponite particles, such as: 40, 60 80 and 100%.  From these samples, the supernatant 
solution on top of the sediment lap/MG particles was taken for measurements of UV-vis 
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absorbance to determine if there was free dye released after the intercalation and atomic 
absorption AA to measure the displacement of Na+  from the Lap particles. 
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Figure 5-33 Malachite green oxalate MG 
 
5.9.1 UV-vis absorbance of nanopigment suspension prepared with         
MG dye 
After the MG dye is intercalated in Lap clay (as explained in section 3.3) and after 
centrifugation, the supernatant solution was taken for UV-vis absorbance 
measurements. The analysis was carried out for the samples prepared with the amount 
of dye corresponding to 60 and 80 % of the CEC of the Laponite particles, based on the 
best results of colloidal behaviour of Lap and MB particles described in section 4.7.6. 
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Figure 5-34  UV- Vis absorbance of MG dye 
 
The UV-vis measurement of the MG dye solution and the colourful supernatant 
suspension has the same maximum peak at 618 nm as it is shown in figure 5-34. 
However, it is not clear if the absorbance in the supernatant suspension is given by the 
free dye in solution or the dye adsorbed in the colloidal particles of Lap suspended after 
the intercalation. The best way to determine if the dye is adsorbed on Laponite is by 
settling of the particles. 
 
The particles were made to settle with the addition of HCl solution.  After the addition 
of a few drops of HCl, the coloured suspended particles settled and the suspension 
become clear. Figure 5-35 shows the absorbance after the addition of HCl, at this stage 
the suspension became clear and the intensity of the peaks was too low to be 
appreciated. It means that the majority of the particles were settled and there were no 
free dye molecules dissolved.  
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Figure 5-35 UV-vis absorbance of the supernatant suspension after the addition of HCl 
 
 
Form this sedimentation behaviour it can be observed that the colour of the suspension 
is given by the colloidal nanopigment Lap/ dye particles that remain suspended after the 
centrifugation. Those particles are negatively charged on the surfaces, and when they 
are protonated, the particles become uniformly charged. Since the negative charge is 
neutralised, the particles reach the point zero charge, the particles flocculate and settle 
(as explained in section 5.4). This behaviour is similar for the suspension with amount 
of dye corresponding to 80 and 100% of CEC of Laponite particles. 
 
Form the UV-vis absorbance results it can be concluded that all the MG dye is adsorbed 
on the Lap particles, in the same fashion as the MB dye is adsorbed on Laponite. 
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5.9.2 Atomic absorption 
The exchange of organic dye with Na+ from the interlayer space of the clay particles is 
measured by the amount of Na+ released into the supernatant solution on top of the 
settled particles of Lap_MG. 
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Figure 5-36 Atomic adsorption of the supernatant solution 
 
 
Figure 5-36 shows the atomic adsorption results for the samples prepared with different 
concentrations of dye according to the CEC of the Laponite as described in the previous 
section. These results show an increase of the sodium concentration with the increasing 
of the dye loading for adsorption on Laponite particles. These results indicate that that 
the MG dye is adsorbed on the interlayer space of the Laponite particles. The organic 
cationic dye replaces the Na+ that comes loose with the expansion of the clay platelets, 
and with the increase of dye to the system, the amount of free Na+ increases. The 
cationic dye replaces the Na+  interlayer cation of the clay particles. 
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5.9.3 Surface charge of the particles 
 
 
Zeta  potential results 
-24.6
-28.2
64
-40
-20
0
20
40
60
80
 40%  Dye, PDA 0%  60%  Dye, PDA 0%  60%  Dye, PDA 2%
samples
m
V
 
Figure 5-37 ζ potential results of Lap_MG particles 
 
 
The nanopigment particles formed with MG dye are negatively charged. Figure 5-37 
shows the ζ potential results of the particles prepared with 40% and 60% of dye 
concentration based on the CEC of the Laponite particles without any addition of 
polyelectrolyte. The last column on the right of the graph represents the ζ potential 
value of the particles coated with 2% of PDA polyelectrolyte. The comparison of the 
three columns shows that the negative value of the ζ potential of the particles is 
reversed with the adsorption of polyelectrolyte on the surface of the particles. These 
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results also show the effect of the adsorption of PDA polyelectrolyte on the negatively 
charged particles of Lap_MG. 
 
 The nanopigment particles remain negatively charged after the adsorption of cationic 
dyes. This indicates the adsorption of MG dye on the interlayer space and not on the 
surface of the particles; the nanopigments particles formed with MG dye are also 
compatible for surface modification with PDA polyelectrolyte for achieving a more 
stable nanopigment suspension. 
 
The nanopigments particles formed with MG dye and Laponite have similar behaviour 
in terms of colloidal properties and dyes adsorption when compared to the nanopigment 
particles prepared with MB dye and Laponite described previously. 
 
5.10 Basic ink composition and Rheology 
The most critical properties of the ink are determined from the formulation as well as 
rheological behaviour. This section provides a basic formulation and the rheological 
measurements of inks prepared using nanopigments particles dispersed in water. 
 
The nanopigment particles coated with polyelectrolyte form the colourant part of the 
printing ink and the solvent used is water. Other important component of the ink is the 
“vehicle” or “binder”, which brings the pigment particles fixed onto the printing 
substrate. The binder can be a resin from a broad selection of naturally, synthetic and 
semisynthetic materials.  
 
For the rheological measurements of the ink formulation two kinds of binder were tried; 
semi-synthetic resin like sodium carboxymethyl cellulose (CMC) and synthetic resin 
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like poly ethylene glycol (PEG). CMC is a polyelectrolyte, which may react with 
proteins or other polyelectrolytes to form soluble or insoluble complexes. The structure 
of CMC sodium salt made of typical repeating units and with its counter-ion is shown in 
figure 5-38. 
 
 
 
 
Figure 5-38 Sodium carboxymethylcellulose sodium salt CMC 
 
PEG is an oligomer or polymer of ethylene oxide, which can be a liquid or a low-
melting solid depending on its molecular weight. Figure 5.39 shows the structure of 
PEG.  
 
Figure 5-39 polyethylene glycol PEG 
 
5.11 Basic ink formulations 
 
The ink was prepared using 0.5 g of nanopigment particles suspended in  40ml of water 
with 10 ml of PDA solution (2.0% wt/wt) to improve the dispersion, and finally 20 ml 
 152 
of CMC (2.0% wt/wt) was used as a binder. However, when CMC was added 
flocculation was observed due to the formation of insoluble complexes by the reactions 
with polyelectrolyte. 
  
A synthetic resin such as PEG was also used as a binder. Here we have used two kind of 
PEG, in terms of their molecular weights; PEG 600 and PEG 4000. When PEG was 
added in the PDA solution (2.0% wt/wt) of nanopigment particles, the dispersions 
remained stable. PEG is a non-ionic resin, hence PEG did not react with the PDA 
polyelectrolyte coating of the particles as it happened with CMC. The ionic strength of 
the system was not altered and the particles did not sediment.  
 
Since the results with PEG were positive in terms of stability this binder was proposed 
for the ink formulation and the concentrations used were 1, 5 and 10 % and the flow 
behaviour with these concentrations are explained in the next section. 
 
 
5.11.1 Rheology of the suspensions  
 
An important characteristic of inks for the purpose of application is the flow properties 
or also known as rheological properties. In colloidal suspension, these rheological 
properties are related to the fluid mechanical interactions, in other words, for colloidal 
systems the particles shape, size range and interparticle forces will have a great 
influence on the rheological behaviour of the suspensions.  
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Colloidal systems and inks present a degree of pseudoplastic or shear thinning 
behaviour, meaning a decrease of the viscosity of the system with the increase of force 
or shear stress applied. The particles tend to align with the direction of the applied force 
and this promotes the reduction of resistance to flow or viscosity with the increase of 
the shear stress (Bergström 1998). The inks prepared with nanopigments are not an 
exception of this behaviour. The nanopigments particles have an elongated shape (as 
shown in the micrograph structure of figure 5-12) and for this reason when a force is 
applied to the system the particles are more likely to align in the direction of the flow. 
As illustrated in figure 5-40 for the samples prepared with PEG 4000 with 
concentrations of 1, 5 and 10%, an increase in the agitation of the sample or shear rate 
(
•
γ ) showed a decrease in viscosity )(η . Also for samples prepared with lower 
molecular weight of PEG 600 and concentration of 1 and 5 % similar shear thinning 
behaviour was observed as shown in figure 5-41.  
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Figure 5-40 viscosity measurements with PEG 4000 with concentrations of 1, 5 and 10%  
 154 
 
0.001
0.01
0.1
1
10
0.1 1 10 100 1000
γ. (s-1)
η 
(P
a
.
s)
PEG 600 1.0% PEG 600 5%
0%
 
 
Figure 5-41 Viscosity measurements of PEG 600 with concentrations of 1 and 5%  
 
Figures 5-40 and 5-41 also show that the opposite phenomena “shear thickening”, 
which is the increase of the viscosity with the increase for the shear rate (
•
γ ) was not 
observed for any of the suspension, where the viscosity always decreased, even at high 
shear rates. Appendix A-4 also presents the individual results for every concentration of 
PEG used. 
 
Additional studies have revealed that shear thinning occur due to the ordering of the 
particles in string or layers, and shear thickening may occur due to the formation of 
aggregates or clusters (Newstein et al. 1999). This rheological study of nanopigment 
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suspensions also shows the stability of the suspension by the non aggregation of the 
particles, since the all of the samples show a shear thinning behaviour.  
 
 
Based on the rheological characteristic, the inks can be classified into two main areas of 
interest for the printing industry. 
• Lithographic and letter press, where the ink is required to be ready for printing 
without any further modification. The ink should be as stiff as possible when the 
machine is running, but should be low enough during the application to avoid 
tearing the surface of the paper and also the overheating of the machine. 
• Flexographic and gravure, where the ink should have a high viscosity to 
maintain the pigment particles in suspensions, and also to allow the printer to 
thin the inks to a viscosity suitable for its running speed(Leach 2004). 
 
The rheological studies for the nanopigment suspensions show that in all of the cases 
they present a shear thinning behaviour. When the suspension are under shear, the 
viscosity decreases, which makes it suitable for Lithographic or flexographic and 
gravure printing. 
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5.12 Summary of the results of Nanopigment suspension  
 
 
Every colloidal system contains particles that tend to agglomerate in order to reach a 
lower state of free energy. The nanopigment systems are not an exception to this 
behaviour. After the nanoparticles are formed and redispersed in the media, the colloidal 
particles have the tendency to stick together and eventually settle; this system is known 
as unstable system. 
 
In order to reach a stable suspension or what it is called as stable system, where the 
particles are suspended and separated from each other it is necessary to put a barrier 
among the particles strong enough to overcome the van der Waals attraction forces.  To 
obtain stable suspensions or to stabilize the nanopigments system, it was necessary to 
modify the surface of the particles by the adsorption of polyelectrolytes on the surface. 
This stabilization method is also known as electrosteric stabilization. 
 
The polyelectrolyte used for the coating of the particles was a cationic Poly 
(diallyldimethyl Ammonium chloride) PDA, since the particles are of anionic character 
(negatively charged). The particles were successfully coated with this polyelectrolyte, 
which was proven by the reversal of the ζ potential from negative to positive values 
above 60 mV, indicating the stability of the suspensions. Another important factor to 
demonstrate the enhancement of the stability was the low particle size with a mean 
value of 200 nm. This value indicates that the particles are kept repelled and do not 
agglomerate.  
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Previous studies of polyelectrolyte coating for non-ionic particles used extra ions in 
order to increase the ionic strength of the system and by this means increase the 
stability. The nanopigment systems are of ionic character, and by contrast, the addition 
of extra ions decreases the thickness of the Stern plane surrounding the particles. This 
causes a decrease of repulsion of neighbouring particles. The particles in the system in 
this case agglomerate forming gel and eventually settle.    
 
Since the nanopigments are produced with clay particles, they are negatively charged on 
their faces and positively charged on the edges. This lack of charge uniformity leads to 
the agglomeration of particles by face to edge attractions, leading to the pack of cards 
phenomenon. One way to control the agglomeration of particles was the addition of H+ 
from HCl to the clay particles before the adsorption of dyes. This extra positive charge 
on the particles gives them a uniform charge and reduces the agglomeration even before 
the surface modification is done with polyelectrolytes. The protonation of the particles 
also increases the adsorption of dye molecules in the interlayer space rather than on the 
surface of the clay particle. 
 
Finally, a basic ink formulation was proposed consisting of nanopigment particles 
coated with polyelectrolyte using water as a solvent and polyethylene glycol as a resin 
or binder. The rheological measurements of this formulation showed a shear thinning 
behaviour of the system, which makes it appropriate for flexographic and gravure ink 
applications. 
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6 Chapter 6: Conclusions and recommendations  
 
Initially nanopigments were produced using three different cationic dyes namely RhB, 
MB and MG in combination with MMT and Laponite clay. Nevertheless, the majority 
of the results are presented for Nanopigments prepared with MB dye adsorbed within 
Laponite clay. 
 
The conclusions are listed below: 
 
• Nanopigment particles are formed by the adsorption of organic dyes in inorganic 
clays. The adsorption of the dye in clay occurs by exchange of the inorganic cation 
of the clay with the organic dye (according to the cation exchange capacity of the 
clay). Adsorption of dye in the clay particles can be characterised by X-ray 
diffraction technique (XRD). 
 
• According to the XRD measurements of the interlayer expansion, the (RhB )dye 
is adsorbed in the interlayer space of the clay (MMT and Laponite) as parallel H 
dimers, while (MB) dye is arranged in the interlayer space forming a head to head 
arrangement or what is called j-aggregation, where the molecules are one in front 
of the other. 
 
• The Thermal analysis of the nanopigments prepared with MB and Laponite 
showed three stages of degradation by mass losses. The first stage up to 200°C is 
related to the loss of adsorbed water molecules. The second stage above 200°C and 
below 500° is due to water evolved from the interaction of the hydrogen of the 
organic matter and the oxygen from the clay. The last stage corresponds to the final 
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oxidation of the dye molecules above 500°C. For MB nanopigments, there is a 
positive shifting to higher temperature of the second peak of degradation, which 
indicates an increase in thermal stability of the organic dye when encapsulated by 
Laponite clay. 
 
• Microscopic analysis of dry ground nanopigments showed the particles are 
elongated plates with sizes larger than 1 µm.  These results show that the particles 
have the tendency to agglomerate into bigger ones due to their high surface energy 
and it is necessary to perform a more rigorous grinding to prepare colloidal 
suspensions. 
 
 
• A colloidal suspension is achieved after colloidal grinding is applied to the 
nanopigments particles. DLS results showed mean particles size distributions of 
390 nm for nanopigments particles suspended in water. 
   
 
• The absorption spectra of the nanopigments suspension shows that when MB 
dye is adsorbed in MMT clay there is a shift of the absorbance peaks in comparison 
with that of pure MB dye solutions. This is known as Metachromasy effect, which 
is the change in the colour. However, when the suspension is prepared with MB 
dye adsorbed in Laponite clay due the low shift of peaks, there is not significant 
change in colour. 
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• Laponite clay particles have a maximum degree of saturation at 60% CEC of 
dye adsorption, as expected. This is when the negative charges of laponite are 
neutralised with the cationic dye and the particles start to flocculate. 
  
• The Na+ released from the clay interchange after exchange with the cationic dye 
is proportional to the dye concentration adsorbed on clay, as expected. From 60 to 
100% CEC of Laponite particles, the dye is adsorbed mainly in the interlayer space 
rather than on the surface of the particles. 
 
• The Anionic nanopigment particles in a colloidal dispersion have the tendency 
to flocculate and sediment and make the system unstable. Nanopigment particles 
can be stabilised by steric stabilization, which is achieved with the adsorption of 
polyelectrolytes. The adsorption of polyelectrolytes on the particles is measured by 
the reversal of the charge or ζ potential and also by the decrease of pH of the 
suspensions. Previous Studies of Previous studies of stabilization of suspension 
established values above 50mV for stable suspensions. Similar results were 
obtained in this study with suspensions with ζ potential of 60 mV indicating the 
stability of the Nanopigment suspensions. 
 
 
• One way of improving the dispersion of nanopigment particles is by the 
protonation of the clay particles to avoid the formation of gel systems. The H+ 
neutralises the negative charge on the edges and gives to the particles a uniform 
positive charge, which can be observed by the reversal of the ζ potential from 
negative to positive values of the suspensions. This protonation also improves the 
adsorption of dye in the clay particle by the exchange with the inorganic cation in 
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the interlayer space instead of the adsorption on the surface by electrostatic 
interactions. The results show that the protonated particles release more Na+ when 
there is cation exchange with organic dye solutions leading to a major change in 
the d spacing of the particles.  
 
• The point zero charge for the nanopigment particles is reached when all the 
charges on the surfaces are neutralised and there is not a barrier to overcome the 
Van der Waals attraction forces. The nanopigment particles reach the point zero 
charge at pH 7.0 when the ζ potential is zero and at this point, the particles 
flocculate and settle. 
 
• The nanopigment suspensions have a high ionic strength due to the presence of 
adsorbed dyes. On the contrary, the extra addition of ions to the suspension reduces 
the thickness of the Stern plane surrounding the particles. Thus when the particles 
in the suspension collide with each other, they stick together. This leads to the 
formation of gel-type systems and sedimentation of particles. The nanopigment 
particles are coated with polyelectrolyte without the addition of extra ions. 
 
• Further improvement of dispersability is achieved by protonation of the particles 
previous to the coating with polyelectrolytes. The protonated particles have a better 
coating of polyelectrolytes. By regulating the coverage on the particles, the 
polyelectrolytes chains are fully solvated in the medium and the suspended 
particles have a better stability, shown by a smaller change in the mean particle size 
distribution after several weeks from the preparation of the suspension.  
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• One important component for ink formulation is the binder, which brings the 
pigments fixed onto the substrate. From this study, the recommended binder was 
poly ethyl glycol (PEG), which is a nonionic polymeric resin and does not alter the 
stability of the suspension.  
 
• Laponite clay improves UV degradation resistance of dyes when they form 
nanopigments in terms of colour for an initial period of 8 hours. After that, both 
dye and pigment show similar levels of degradation. Further studies in order to 
enhance the colour resistance to UV of the nanopigments for printing applications 
are recommended.   
 
• The rheological studies for the nanopigment suspensions show a shear thinning 
behaviour, since the non-spherical particles generally align with the direction of the 
flow. This means that the viscosity of the suspension decreases with increased 
shear stress, making it suitable for the printing applications that require shear 
thinning behaviour. 
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Appendices 
A.1  Thermal analysis of organo-clay complexes 
 
Figure  A-1-1 TGA for MMT clay, RhB dye and RhB_MMT complexes 
 
 
Figure  A-1-2 TGA for Laponite clay , RhB dye and RhB_Lap complexes 
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Table A 1 Mass losses of the organo- clay complexes from TG analysis. 
System mol MB/Kg lap Mass loss (%) 
50-200 °C 
Mass loss (%) 
200-500°C 
Mass Loss (%) 
500-800°C 
MMT 0 7 1 4 
RhB - 2 78 9 
RhB_MMT 0.97 4 17 9 
Lap 0 5 5 4 
RhB_Lap 0.77 1 6 7 
 
 
A.2 Absorption spectra of nanopigments suspensions  
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Figure A-2-1 Absorption spectra of nanopigment particles coated with PDA HMW 
 171 
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Figure A-2-2 Absorption spectra of nanopigment particles coated with PDA LMW 
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A.3 DLS of nanopigment suspensions  
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Figure A-3-1  DLS results of protonated samples prepared with PDA HMW( mean radius 320 nm) 
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A.4 Rheology of the Nanopigment suspensions  
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Figure A-4-1 Viscosity measurements with PEG 4000 concentration 1.0% 
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Figure A-4-2 Viscosity measurements with PEG 4000 concentration 5.0% 
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Figure A-4-3 Viscosity measurements with PEG 4000 concentration 10.0% 
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Figure A-4-4 Viscosity measurements with PEG 600 concentration 1.0% 
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Figure A-4-5 Viscosity measurements with PEG 600 concentration 5.0% 
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Figure A-4-6 Viscosity measurements without PEG binder 
 
 
 176 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
